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As l i th ium is added to the bronzes of low sodium 
content,  the  degree  of t i l t ing of the oc tahedra  in-  
creases, reducing the aper tu re  size and increasing 
the ac t iva t ion  en tha lpy  of motion. (iv) The sudden 
change in proper t ies  for  sodium contents g rea te r  than 
about  0.7 is consistent  wi th  sodium orde r ing  in the 
s tructure.  (v) Mixed l i t h ium-sod ium bronze phases 
p r epa red  at  high t empera tu re  also contain mobile  
l i th ium ions, a l though no quant i ta t ive  measurements  
on single crysta ls  have  ye t  been  made. 
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Electrochemical Nucleation and Growth of Silicon in Molten Fluorides 

K. L. Carleton,* J. M. Olson,* and A. Kibbler 
Solar Energy Research Institute, Golden, Colorado 80401 

ABSTRACT 

The electrochemical nucleation and growth of silicon on vitreous carbon and graphite are characterized. The anode is a 
copper:si l icon alloy and the electrolyte is a molten solution of KF:LiF:K2SiF6 at 750~ SEM examinat ion of the initial stages 
of electrodeposit ion shows that the nucleation process is instantaneous and is followed by three dimensional  growth. Be- 
cause  the nucleation is instantaneous, the initial nucleation densi ty and the grain size of the deposi ted silicon can be 
controlled. Exist ing theoretical models for nucleation and their failure to model  this system are also discussed. 

The e lee t rodeposi t ion  of meta l s  f rom aqueous solu- 
tions and mol ten  salts  has been s tudied extensively.  
Pa r t i cu l a r  in teres t  in meta l  deposi t ion on foreign 
subst ra tes  has led  to nuclea t ion  studies (1-6) and the 
deve lopment  of theore t ica l  models  to character ize  the  
different  nucleat ion and growth  mechanisms.  

This work  character izes  the nuclea t ion  of sil icon on 
carbon subst ra tes  in an e lect rochemical  process for si l i-  
con purification.  The silicon is electrorefined in a 
mol ten  salt  system and s imul taneous ly  e lec t rodeposi ted  
on POCO| graphi te  subs t ra tes  as thin sheets of po ly -  
c rys ta l l ine  ma te r i a l  (7).  One possible  appl ica t ion  of 
this process is to use the  a s -g rown mate r i a l  as the ac-  
t ive base in a photovol ta ic  cell. In  this case, i t  is de-  
s i rable  to opt imize the gra in  size of the deposi ted mate -  
r ia l  th rough  knowledge  of the  nuclea t ion  process. In  
this paper ,  empir ica l  studies are  descr ibed which p ro -  
vide  a qua l i ta t ive  unders tand ing  of nuclea t ion  and, as a 

* Electrochemical Society Active Member. 
Key words: semiconductor, electrode, current, electrodeposi- 

tion. 

result ,  enable  one to control  the  gra in  size of the  e lec-  
t rodeposi ted  mater ia l .  Exis t ing theore t ica l  models  for 
nucleat ion and the i r  fa i lure  to model  this sys tem are  
also discussed.  

Background 
Nucleat ion  and growth  processes in e lect rodeposi t ion 

are  character ized b y  th ree  pa rame te r s  (2, 3):  the 
growing rad ia l ly ) ,  or three  d imensional  (hemispher ica l  
t ime dependence  of the nucleat ion process. There  are 
th ree  fundamen ta l  g rowth  modes: the  growth  can be 
one d imensional  (a p l ana r  surface growing no rma l  to 
i t se l f ) ,  two d imensional  (such as cy l indr ica l  nuclei  
growing radial ly) ,  or  three  d imensional  (hemispherical  
or spher ica l  nuclei). Independen t  f rom the growth  mode 
is the  l imi t ing g rowth  mechanism.  This r a t e - d e t e r m i n -  
ing step in the growth  process can be e i ther  the in terface  
kinet ics  (such as ada tom surface diffusion or incorpo-  
ra t ion) ,  charge t~ansfer  kinetics,  or the  mass t ransfe r  
of meta l  ions to the  e lec t rode  surface. Final ly ,  there  
are  two broad  categories  for  the  t ime dependence  of 
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the  nuclea t ion  process.  If  a l l  the nuclei  form at e ssen- 
tiaUy the same time, nuclea t ion  is t e rmed  " ins tan ta-  
neous." I f  nucleat ion continues to occur over  a per iod 
of t ime, it  is considered progressive.  

The impor t an t  p a r a m e t e r  in opt imizing gra in  size of 
deposi ted  m a t e r i a l  is the  t ime dependence  of the n u -  
cleation. If nucleat ion is progressive,  nuclei  wil l  con-  
t inua l ly  form and grow, mak ing  gra in  size difficult to 
control.  However ,  if nuclea t ion  is ins tantaneous,  gra in  
size is easi ly  opt imized.  The number  of nuclei  which 
form is a function of po ten t ia l  (2) and with  constant  
cur ren t  g rowth  conditions, this potent ia l  is re la ted  to 
the cur ren t  density.  Because no nuclei  form af te r  the  
ini t ia l  nuclea t ion  process in ins tantaneous  nucleat ion,  
the  ini t ia l  cur ren t  dens i ty  conti-ols the  average  nuc lea-  
t ion density.  The dens i ty  of nuclei  de te rmines  how 
soon the  nuclei  coalesce and therefore  de te rmines  the 
u l t imate  gra in  size (4). 

The g rowth  mode  and t ime dependence  of the nu-  
cleat ion process are  most  eas i ly  de t e rmined  from ob-  
servat ions  of the in i t ia l  shape and size of the he te ro-  
geneous deposit.  The size of each nucleus is p ropor -  
t ional  to the  t ime since its formation.  Therefore,  if 
the  nuclei  a re  of  r andom size, nucleat ion is progressive,  
whereas  if  the  nucle i  are of equivalent  size, nucleat ion 
is ins tantaneous  (2, 8). 

Another  method  for de te rmin ing  the t ime depen-  
dence of nuclea t ion  is to compare the  resul ts  of po ten-  
t ia l  s tep exper iments  wi th  theoret ical  models.  Expe r i -  
menta l ly ,  a po ten t ia l  step is app l ied  to a bare  e lect rode 
and a cu r r en t - t ime  response is measured.  In  processes 
o ther  th.an deposit ion,  the c u r r e n t  decreases wi th  time. 
However ,  for  etectrodeposi t ion,  once nucleat ion has 
occurred,  the  current  usua l ly  increases due to an in-  
creasing surface a r e a  and a change from p l ana r  to 
two-  or  t h ree -d imens iona l  diffusion. This r is ing cur-  
ren t  can be modeled  as a funct ion of t ime and as such 
can be used to de te rmine  the na ture  of the nuclea t ion  
process. 

Models have  been developed for  systems involving 
different  combinat ions  of the  character is t ic  pa rame te r s  
for nuclea t ion  and growth  processes. Ear l i e r  models  
resul ted  in s imple  cu r r en t - t ime  re la t ions  of the  form 

I = Ktn [1] 

whe re  K is a p roduc t  of phys ica l  pa rame te r s  (e.g., 
nucleat ion dens i ty  No, molecu la r  weight  of the  de-  
posi ted me ta l  M, etc.) and n is genera l ly  some half  
in tegra l  n u m b e r  which is character is t ic ,  but  not  
unique, to the proper t ies  of the nucleat ion and growth  
process. Fo r  example ,  for  the ins tantaneous  nucleat ion 
and kinet ics  l imi ted  growth  of th ree -d imens iona l  nu-  
clei, n ---- 2 (9). 

These ea r l i e r  models  assume that  on ly  one process is 
r a t e  control l ing and that  no over lap  of nuclei  occurs. 
More recent  models  (6) t ake  into account the effects 
of over lap  and ingest ion of nuclea t ion  sites resul t ing in 
more  compl ica ted  c u r r e n t - t i m e  relat ions.  A l t e r n a -  
t ively,  more  than  one mechanism m a y  be  ra te  control -  
ling, such as the case of both kinet ics  and mass t rans-  
fer  control.  In  the  fol lowing the  potent ia l  step, cu r r en t -  
t ime response for  a mixed  control,  and ins tantaneous  
nucleat ion process a re  der ived  by  equat ing the currents  
due to mass flux (10) 

I -- n F A k C  exp (HSt) erfc (HtV2) [2] 

and the  cur ren t  due to mass  accumula t ion  for hemi -  
spher ica l  nuclei  

or  
I - -  (2~nFrSp/M) ~ [3] 

at  

where  H = k/D'/~, k is the reac t ion  ra te  constant ,  D 
and. C are  the diffusion coefficient and the concent ra-  
t ion of the  e lec t rodeposi t ing  species, M and p a re  the 
molecu la r  weight  a n d  dens i ty  of the deposi t ing metal ,  
and the o ther  t e rms  have the i r  usual  meaning.  

In tegra t ion  of Eq. [3] yields  an equat ion for  r, the 
radius  of the  nucleus, as a funct ion of t ime 

r -- (kCM/p) [exp (H2t) erfc (Htl/2)H -~ 

+ 2t'/2H-ln-'/2] [4] 

which can then be subst i tu ted  back into I to give 

I ---- (2~nFk'~CaANoM2p -2) {~3/-/-4 

+ 4t'/2a2H-3~ -1/2 + 4taH-2~ -1} [5] 

where  a ----- exp  (H2t) erfc (Ht'/2). This equation,  a long 
with  those of the  form of Eq. [1], is used to analyze  
potent ia l  s tep t rans ients  for this system. 

Experimental 
A vi t reous  carbon crucible  containing the anode 

(silicon source) and the mol ten  sal t  e lec t ro ly te  is s i tu-  
a ted in a res is t ive ly  hea ted  furnace  at 750~C (see Fig. 
1). The anode is solidified in situ f rom a hype reu -  
tectic solut ion of semiconductor  grade  silicon [16 
weight  percen t  ( w / o ) ]  and  copper  (99.999%). The 
e lec t ro ly te  is a mix tu re  of K F :L iF :K 2S iF6  [46 mol  
percent  ( m / o ) : 4 6  m / o : 8  m/o]  where  the  K2SiF6 is 
fo rmed by  reac t ing  SiF4 wi th  excess KF. The L iF  and 
K F  are Suprapur@ grade. 

The I<F and LiF  are  d r ied  in situ at pressures  less 
than  10 -5 Tor t  b y  s lowly hea t ing  f rom 100~176 
This d ry ing  procedure  effect ively prevents  the fo rma-  
t ion of hydrolys is  products  that  have a de t r imen ta l  
effect on the morphology,  of the  silicon electrodeposi t .  
The mol ten  sal t  is fu r the r  purif ied b y  a p re -e lec t ro lys i s  
step. A potent ia l  of 2V is appl ied  to a g raphi te  
e lectrode ( re la t ive  to the  crucible)  unt i l  the  cur ren t  
is less than 1 mA/cm2. 

The silicon reference e lect rode is formed in situ by 
deposi t ing silicon on a 3 mm vi t reous  carbon rod. This 
e lect rode is stabl~ for  2-3 days. Al te rna t ive ly ,  an  ox ide-  
free, single crys ta l  silicon wafer  m a y  be used as a re f -  
erence electrode.  The work ing  e lect rode is the  rounded  
end" of a 3 m m  rod of e i ther  graphi te  or  vi t reous  car-  
bon wi th  a geometr ic  a rea  of 0.3-0.4 cm 2. 

The chronoamperomet r ic  da ta  a re  recorded wi th  a 
Nicolet  d ig i t a l  s torage oscilloscope. F o r  curve fitting 
the  oscilloscope is i n t e r f aced  wi th  a Hewle t t  Packa rd  
9825 computer .  

Results and Discussion 
Figure  2 shows a scanning e lect ron mic rograph  of 

silicon nuclei  grown on vi t reous  carbon.  The size and 
shape of the  nuclei  de t e rmine  the  t ime dependence  of 
nucleat ion and growth  mode for  the system. The n u -  

o 

o 

Argon Flow 

~  C E i e ct r o d earbon 

~J~KF:LiF:K2SiF8 
~ Z ~ 2 ~ - - -  Si:Cu Anode ~~Heating Element 

Quartz 
Graphite Pedestal 

~, Thermocouple 
Fig. 1. Electrochemical cell for silicon deposition 
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Fig. 2. Scanning electron micrograph of silicon nuclei electroae- 
posited at 15 mA/cm 2. Deposition was 10 C of material on 1.5 cm 2 
vitreous carbon. Imperfections in the vitreous carbon surface also 
appear. 

clei a re  hemispher ical ,  indicat ing tha t  the growth  is 
three  dimensional .  The nuclei  a re  also al l  of equal  
size. They mus t  have formed at  essent ia l ly  the same 
time, imply ing  that  the  nuclea t ion  process is ins tan-  
taneous. This means  the g ra in  size of the deposi ted 
sil icon can be control led  by  the ini t ia l  cur ren t  density.  

The impor tance  of the ini t ia l  cur rent  dens i ty  in con- 
t ro l l ing the  gra in  size is i l lus t ra ted  in Fig. 3. These 
SEM micrographs  s h o w  two a s -g rown  sil icon surfaces. 
Al though both were  grown at the  same final cur ren t  
densi ty,  the  in i t ia l  cu r r en t - t ime  profiles were  differ-  
ent. The cur ren t  for the  deposi t  in Fig. 3a was s tepped 
d i rec t ly  f rom zero to the final g rowth  cur ren t  densi ty  
of 70 m A / c m  2. As a result ,  nuclea t ion  occurred at a 
h igh cur ren t  density,  the nucleat ion dens i ty  was large,  
and the gra in  size was small .  The cur ren t  for the de -  
posit  in Fig. 3b was s tepped f rom zero to an in te r -  
media te  cur ren t  dens i ty  of 40 m A / c m  2 and then  
r a m p e d  up to the  final cur ren t  dens i ty  of 70 m A / c m  2. 
In  this  case, a lower  nucleat ion dens i ty  was es tabl ished 
by  a lower  cur ren t  densi ty,  and the resul t ing  gra in  size 
was larger .  This means  that,  by  control l ing the ini t ia l  
cu r r en t - t ime  profile, the  gra in  size of  the  ma te r i a l  can 
be  control led  independen t ly  of the final g rowth  con- 
ditions. One p rob lem can ar ise  if the ini t ia l  cur ren t  
dens i ty  is too low. In  th i s  case, there  are  areas  where  
the  nuclei  do not  coalesce, leaving  voids in the  ma te -  
rial.  Therefore,  there  is a compromise  be tween  max i -  
mizing the gra in  size and ensur ing complete  surface 
coverage. 

Having es tabl ished tha t  nucleat ion is ins tantaneous  
and tha t  the  g ra in  size can be control led,  potent ia l  s tep 
exper imen t s  were  done to t r y  to app ly  nucleat ion 
theory  in this system. A series of potent ia l - s tep ,  cur -  
r en t - response  curves a r e  shown in Fig. 4. [Note tha t  
the  process occurs on a t ime scale of msec, not  sec, as 
is of ten encountered  (1-3).]  The curves can be b roken  
down into severa l  character is t ic  regions. In i t i a l ly  the 
cur ren t  is la rge  as a resul t  of double  l ayer  charging 
and decays exponent ia l ly .  In the  ideal  case, this 
sho~uld be fol lowed by  a nuclea t ion  cu r ren t  which  in-  
creases wi th  time. However ,  in this system, the onset 
of nucleat ion is swamped  b y  a la rge  prenuclea t ion  
current  which decays s lowly in a diffusion l imi ted  ~-~/2 
manner .  In  o rde r  to incorpora te  this large  p renuc lea -  
t ion current  into the  theore t ica l  models,  l inear  sweep 
cyclic vo l t ammograms  were  examined  to de te rmine  its 
cause. 

The cyclic voltammo,gram, shown in Fig. 5, has sev-  
era l  key  fea tures  (11). The inflection point  at app rox i -  
ma te ly  0V is the  revers ib le  po ten t ia l  for si l icon reduc-  
tion re la t ive  to the silicon reference  electrode.  The 

Fig. 3. Scanning electron micrographs of as-grown silicon de- 
posits. Growth conditions: (a, top) current stepped to 70 mA/cm 2, 
(b, bottom) current stepped to 40 mA/cm 2 and then ramped to 70 
mA/cm 2. Total coulombs in each case is approximately 300 C/cm 2. 

63.7 

51.0 

= 7302% 
25.5 

--140 mV 

~ ' - - - - - - - - ~  - -120 mV 

12,7 100 mV 

80 mY 

1 2 3 4 5 

t (msec) 

Fig. 4. Cathodic current transients for silicon electrodeposition 
on 0.3 cm 2 vitreous carbon. Steps are from --t-IV to the final 
cathodic step potentials shown. 

onset of silicon deposi t ion is s l ight ly  offset f rom this 
revers ib le  po ten t ia l  by  the nuclea t ion  threshold,  i~- 
dicat ing nu.cleation is the  in i t ia l  r a t e - l imi t ing  step in 
deposit ion.  The cathodic excurs ion is due t o  silicon 
deposit ion.  The surface increase  loop implies  that  the  
area  of the  growth  surface is increasing.  The increasing 
surface area  resul ts  in a l a rger  cur rent  on the  reverse  
scan than on the fo rward  (cathodic)  scan, and may  be 
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Er 

I Surface Increase Loop 

Jucleation 
]'hreshold 

5 mAI 

50 mV 

Fig. $. Expanded cyclic voltammogram for silicon deposition on 
graphite vs. Si reference electrode with KF:LiF:K2SiF6 electrolyte, 
T = 724~ scan rate - - 5 0  mV/sec, and area - -  0.4 cm 2. The 
cathodic limit, in this case, - -50 mV, along with the scan rate 
determines the quantity of silicon deposited on the carbon elec- 
trode, which in turn is proportional to the height of the stripping 
peak anodic of the reversible potential. The anodic limit is +0.7V. 

due to either two-dimensional  or three-dimensional  
growth. Anodic to the reversible potential,  there is a 
small  cathodic current  which was correlated w i t h  the 
prenucleat ion current .  There are several possible ex- 
planat ions for this current.  For example, the cathodic 
current  is associated with the underpotent ia l  deposi- 
tion (UPD) of silicon on graphite. UPD is the adsorp- 
tion of a monolayer  of metal  atoms onto a foreign sub- 
strate at potentials anodic of the reversible potential.  
There are two theoretical cri teria to determine if UPD 
should occur. One involves the difference in lattice pa-  
rameters  of the substrate  and depositing species. For 
differences in un i t  cell dimensions greater than 1.5A, it 
has been shown that monolayer  formation, and there-  
fore UPD, does not  occur (12). However, conclusions 
made by comparing uni t  cell dimensions for silicon on 
polycrystal l ine graphite are questionable since graphite 
is anisotropic. Other work has related UPD to differ- 
ences in  work funct ion (13). The UPD shift is shown 
to be half  the difference in work functions of the 
substrate and  depositing species. Work funct ion data 
for silicon .and carbon are inconclusive due to the 
wide spread in reported results (14). If the mean  
values are used, UPD should occur at approximately 
0.2V anodic of the reversible potential,  which is ap- 
proximately  what  is observed in cyclic vol tammo- 
grams. However, the presence or .absence of UPD is in-  
conclusive at this time. 

Another  possibility for the prenucleat ion current  is 
the reduction of impurities.  In similar  experiments  in 
which silicon is purposely excluded from the system, 
i.e., with KF, LiF, and Cu only, a large current  results 
in  response to a potential  step. This current  may be 
due to a change in oxidation state of a species such as 
copper, or it may  be due to the presence of oxides since 
there is some correlation between this prenucleat ion 
current  and the height of an oxidation peak at +2.0V. 
These processes are l ikely to occur with silicon also 
present  in the system. 

Because the causes of the prenucleat ion current  
could not be  conclusively determined,  two methods 
were used to treat the step response data. In  one 
method the prenucleat ion current  was assumed to drop 
to zero once nuclea t ion  occurred and the data were 
treated in a s traightforward manner .  In  the other 
method, the prenucleat ion current  was extramolated 
and then subtracted from the total current .  This re-  
sidual cur ren t  was treated as the nucleat ion and 
growth current .  In  ne i ther  method did the current  fit 
any of the simple models (Eq. [1]). 

It  is surpr is ing that this system does not follow a 
simple diffusion-controlled model. Most mol ten salt 
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Fig. 6. Current time transients for (a) vitreous carbon and (b) 
graphite. Geometric areas are 0.3 cm 2 and potential steps are 
+ I V  to --100 inV. 

systems are diffusion controlled since a't elevated tem- 
peratures, the temperature  activated processes (such 
as charge transfer)  are rapid (2). However, in this 
system, a diffusion-limited current  has not been ob- 
served in cyclic vo l tammetry  (within the limits of the 
apparatus) .  This suggests the mixed control  model Eq. 
[5] might bet ter  describe the system; however, it did 
not. Using a model which accounts for nuclei  overlap, 
again assuming mixed control  (6), also failed to fit 
the data with meaningfu l  parameters.  This suggests 
there are several processes occurring s imul taneously  in  
this system which cannot be understood or decon- 
voluted by  exist ing theories. 

To explore the effects of the substrate mater ia l  on 
the nucleat ion process, potential  step experiments  were 
done on graphite and vitreous carbon. Though both 
materials  are made of carbon, they have different 
properties, as seen by comparing incubat ion times for 
silicon nucleat ion (Fig. 6). The incubat ion times on 
graphite were an order of magni tude  larger than those 
on vitreous carbon. One possible reason is that  vitreous 
carbon has a greater  n u m b e r  of highly active sites for 
nucleation. At the same ini t ia l  current  density, grain 
sizes will  be smaller on vitreous carbon than on graph-  
ite due to its lower resistance to nucleation.  Other 
possible explanat ions can be formulated,  but  no sup- 
port ing data or observations exist. 

Conclusions 
We have shown that the electrochemical nucleat ion 

of silicon on vitreous carbon o r  graphite in a mol ten 
fluoride is ins tantaneous and is followed by th ree ,d i -  
mensional  growth. Though the growth process cannot  
be completely characterized theoretically, the fact that 
nucleat ion is ins tantaneous enables the grain size of the 
as-grown silicon to b e  controlled, and its growth pa-  
rameters  and polycryst~alline s t ructure  to be optimized. 
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Galvanostatic Pulse Plating of Copper and Copper (I) Halides from 
Acid Copper (11) Halide Solutions 

C. W. Yeow and D. B. Hibbert* 
Department of Chemistry, Bedford College, University of London, Egham Hill, Egham, Surrey, England 

ABSTRACT 

CuX (X = C1 or Br) is formed during the galvanostatic pulse plating of copper from acid solutions containing Cu 2§ and 
X-. The reaction Cu 2+ + Cu ~ + 2X- --* 2CuX occurs in the relaxation period of the pulse. Copper (I) chloride anodes for re- 
serve seawater batteries may be made by this method. CuBr is oriented in the {220} plane when deposited on copper foil with 
the {200} plane uppermost. CuC1 tends to dissolve in solutions containing CF to give soluble copper (I) halides. Corrosion 
rates at pure copper were determined from the pulse-plating experiments. 

Studies (1-3) of copper plat ing from acid baths by 
a variety of pulse methods have been made to im-  
prove efficiency and plate quality,  especially in cathode 
geometries having small  holes or pores (1). Different 
additives may also improve plate qual i ty  by com- 
plexing with ions in solution or by adsorption at the 
pla t ing surface. This invest igat ion was inst i tuted to 
observe the effect of additives on pulse plating. Cop- 
per halides were chosen as model systems because of 
the avai labi l i ty  of data and the body of previous work. 

The corrosion of copper in solutions of copper(II)  
chloride has been studied by Hur len  (4, 5) who showed 
that layers of copper(I)  chloride are formed which 
subsequent ly  dissolve giving soluble species such as 
CuCI~-. The rate of copper(I)  chloride formation is 
slow after an ini t ial  monolayer  because of the need for 
solid-state movement  of chloride ions to the under ly -  
ing bulk  copper. Numerous workers (4, 6-8) have 
studied the anodic behavior  of copper in halide media. 
Copper dissolves to CuCI~-, CuCI~2-, and CuC14 ~- via 
films of CuC1. 

Copper(I)  chloride is used as an anode for reserve 
seawater batteries (9), which may be fabricated 
by mixing copper(I )  chloride with an organic binder  
and graphite, or by dipping copper plates into molten 
copper(I )  chloride (9). A method of manufacture  by 
direct reaction at a copper electrode, as described in 
this paper, may provide electrodes which are more 
conducting, have a known-discharge capacity, and u l t i -  
mately  be more economical. 

Experimental 
Materials 

All materials were of An alar  grade and used wi th-  
out fur ther  purification. Electrodes were 2 X 2 cm 
copper foil (BDH 99.99.9%) or 2 X 2 cm p la t inum foil 

* Electrochemical Society Active Member. 
Key words: pulse plating, battery anodes, corrosion. 

(Johnson Matthey 99.99%) on which a thin layer  of 
copper was plated from acid copper sulfate solution. 

Methods 
Corrosion of copper in solutions containing halide 

ions.--A clean copper foil was suspended from a bal-  
ance (CI Electronics Microforce II) in a solution con- 
taining 1 mol dm -8 H2SO4, 0.34 mol dm -3 CuSO4, and 
0.1 or 0.34 mol dm -3 KC1 or KBr. The solution was 
thermostated to 25~ (_+0.5~ Dur ing  the experi-  
ment,  the level of the solution was adjusted relative 
to the electrode to correct for the buoyancy of the 
electrode. The increase in weight of the foil was mea-  
sured (_+0.01 mg) with time. Similar  e~cperiments were 
at tempted with solutions containing fluoride and iodide 
ions. 

Pulse plating.--Copper was galvanostat ical ly (300 
mA) pulse plated from a series of electrolytes con- 
ta ining 1 tool dm -z HzSO4, 0.1 to 0.34 mol dm -8 
CuSO4, and 0.05 to 0.34 mol dm -3 KC1 or KBr. A 
single compar tment  cell was used with a copper or 
p la t inum foil anode. The potential  of the working elec- 
trode was monitored by an oscilloscope against a 
saturated calomel reference electrdde connected with 
the Luggin capil lary by a salt bridge. The cell was 
cont inuously purged with ni t rogen dur ing all experi-  
ments, and thermostated to 25~ (_+0.5~ A t ra in  of 
square wave pulses was produced by a Chemical Elec- 
tronics pulse generator  (CE RB1) and the current  
controlled by a potentiostat  (Thompson Associates 
125) working in a galvanostatic mode. The range of 
pulse periods was 0.5-10 msec, and relaxat ion t imes  of 
10-1000 msec. For analysis of the deposited layer, 
plated p la t inum electrodes were used. 

Analysis of plated layers.--Plated electrodes were 
washed with distilled water  and dried in a ni t rogen 
atmosphere to constant weight. For  copper-plated 


