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Evaluation of the Kinetic Parameters 
We begin  wi th  the Bu t l e r -Vo lmer  equat ion to r ep re -  

sent  the f e r r i - f e r rocyan ide  sys tem 

11 [A-21 

where  io is the  exchange  cu r r en t  densi ty,  ~ is the  t r ans -  
fer  coe~cien t ,  and  il,a and il,e a re  the  anodic and ca th-  
odic l imi t ing  cur ren t  densities.  By different ia t ing i 
w.r.t.~l and eva lua t ing  the resu l t  at  ~ : 0, we obta in  

io ---- [A-3] 

R---T -F il,~ il,a ,=o 

This equat ion al lows one to eva lua te  ia f rom exper i -  
menta l  da ta  at  each ro ta t ing  speed. The average  value  
of io over  the six ro ta t ion speeds was found to be 5.73 
m A / c m  2. The t rans fe r  coefficient a can then be eva lu -  
a ted  by  app ly ing  Eq. [Aml] to the exper imen ta l  data. 
The value  of a was es t imated to be 0.16. 

Fo r  a sys tem wi th  an excess suppor t ing  electrolyte ,  
~1 is the  sum of ~c and 11a where  ~a is the act ivat ion 
overpoten t ia l  which can be de te rmined  by  

, - - - - i o [ e x p ( ~  - - e x p (  - - ( 1 - - a ) n F  ~ a ) ]  
RT 

[A-4] 
uc can now be de te rmined  by  subt rac t ing  ~a from 
which has been de te rmined  exper imenta l ly .  
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ABSTRACT 

The mechanism responsible  for the ve ry  high pla t ing rates  a t  e lectrodes 
i l lumina ted  by  a laser  beam was invest igated.  Absorp t ion  of the  laser  energy 
by  the e lect rode resul ts  in a localized increase in t empera tu re  at  the me ta l -  
solut ion interface.  This leads to: (i) a shift  in the  rest  potent ia l ,  (ii) an in-  
crease in the charge t ransfe r  rate,  and (iii) s t rong micros t i r r ing  of the  solu-  
t ion due to the rmal  gradients  and, at high laser  power  densit ies,  to s t rong 
local boiling. Verif icat ion of the first two effects was achieved by  measur ing  
the enhancement  in p la t ing  ra tes  as a funct ion of overpotent ia l ,  l aser  power,  
and  subs t ra te  thickness  and by  compar ing  these resul ts  wi th  measu re -  
ments  using solutions at var ious  bulk  tempera tures .  Observat ion  of the 
cathode through a video monitor ,  as wel l  as detect ion of bubb le  fo rmat ion  
using a min ia tu re  microphone,  verified that  a corre la t ion  exists be tween  the 
eject ion of bubbles  f rom the cathode and sharp increases  in the current .  
Appl ica t ion  of l a se r -enhanced  e lec t ropla t ing  for maskless  genera t ion  of pa t -  
terns  is also briefly discussed. 

A large  local  increase of cu r ren t  dens i ty  at  the  po in t  
of incidence of a laser  beam on a cathode was first 
r epor ted  b y  von Gutfe ld  et al. (1-3).  P la t ing  ra tes  en-  
hanced by  as much as a factor  of 1000 were  r epor t ed  
for nickel,  copper,  and gold deposit ion.  I t  has been 
shown (2-4) tha t  electroless p la t ing  and e lec t roetching 
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ra tes  can also be subs tan t ia l ly  increased  b y  absorption 
of laser  l ight.  

In  this pape r  a s tudy of the enhancement  mechanism 
is presented.  The aim was to inves t iga te  whe the r  the  
laser  enhancement  is due only  to s t rong micros t i r r ing  
of the solution or  whe the r  it  is due to a significant in -  
crease in the charge t r ans fe r  rate.  In  o ther  words,  if  
the  react ion were  not  mass t r anspor t  l imi ted,  would  
the react ion ra te  be influenced signif icant ly b y  the  
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laser light absorption? In  order to answer this question 
the laser-enhanced plat ing rates were measured as a 
function of overpotential .  Solution 

Previous experiments  showed that  back i l luminat ion  
of a thin cathode led to the same enhancement  as tha t  Electrode 
for front i l luminat ion  (1). Hence a significant cont r ibu-  Laser 
tion of a photocatalytic effect is excluded. We therefore 
postulate that the phenomena  involved are related to 
a local increase of tempera ture  at the meta l -solut ion 
interface as a resul t  of laser l ight absorption. The find- 
ings reported in this paper  permit  us to elaborate on a 
thermal  model for the explanat ion  of the observed 
plat ing current  enhancements .  The influence of the 
laser power and the substrate thickness (which influ- 
ences the radial  heat  flow in the cathode) on the dep-  
osition rate and on the plated spot diameter  were also 
investigated. 

F u n d a m e n t a l  Studies 
Experimental conditions.--Experiments were con- 

ducted under  potentiostatic control in a Pyrex glass 
cell containing vertical electrodes approximately 1 cm 
on a side, Fig. 1. The laser light was directed normal ly  
onto the cathode through a small  hole in  the anode. 
The anode consisted of a copper plate, the cathode of a 
thin film of gold or copper. Thin films were used to re-  
duce heat dissipation in the cathode. In some experi-  
ments a small, well-defined, active area was required. 
The cathode was then covered by a photoresist layer  a 
few microns thick, except for a hole of the same diam- 
eter as the laser beam, measured to ~ l / e  of its maxi -  60 
m u m  intensity.  The details of this s t ructure  are given 
in Fig. 2. The laser beam diameter  was adjusted by  
positioning a microscope objective lens (2.5•  at  a 
distance from the sample so that  67% of the laser power 
was incident  on the active area of the cathode. The laser 
wavelength was chosen so that  the laser beam was es- 
sential ly not absorbed in the electrolyte, but  was at 
least par t ia l ly  absorbed at the cathode. The experi-  
mental  conditions are summarized in Table I. 

Enhanced plating rates as a function of overpoten- 
tial.--Figure 3 shows the polarization curve for the 
system Cu/CuSO4 without  laser irradiation.  In  this 
curve one clearly distinguishes the overpotential  re-  
gion in which the current  is mass t ransport  l imited 
from the region where charge t ransfer  is the l imi t ing 
step of the reaction. Figure 4 shows the polarization 
curve of the same system with periodic i r radiat ion by 
the laser. Here the laser beam diameter  was equal to 

Table I. Experimental conditions 

CuSO~, 0.05M 
H.~SO~, 1M 
Metallic film: Au or Cu 
Metallic film thickness: 500-10,000A 
Beam diameter: 100-500/~m 
Incident laser power density: 0.1-2 kW/cm ~ 
Wavelength: 5145A 

that of the active cathode area (i.e., 200 #m). Periodic 
pulsing of the laser was used to prevent  excessive plat-  
ing bui ldup that  would result  from continuous i r radi-  
ation. This ensures a more accurate measurement  of 
the plat ing enhancement ,  since the cathode is little 
changed during the short dura t ion  of the laser pulses. 
Figure 5 shows the same polarization curve as Fig. 4, 
but  with a logari thmic current  scale. The logari thmic 
current  scale allows a more accurate reading of the 
current  enhancement .  The apparent  slower current  re-  
sponse is due to an artifact of the apparatus.  The dif- 
ferent  overvoltage regions of the comb-shaped curves 
(Fig. 4 and 5) are analyzed in more detail below. 

The mass transport controlled region.--According to 
the l imit ing current  plateau of the polarization curve 
of Fig. 3, the mass t ransport  controlled deposition ex-  
tends from an overpotential  of --200 to --650 mV. In  
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Fig. 3. Polarization curve for copper electrodeposition at room 
temperature with the cathode of Fig. 2 (current and overvoltage 
are negative). Electrode diameter, 550 #m; voltage scanning speed, 
4 mV/sec. 
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Fig. I. Schematic of the apparatus 
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Fig. 2. Structure of the cathode and typical thicknesses of the 
various layers. 
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Fig. 4. Polarization curve for copper electrodeposition with 
periodic laser illumination (cathode of Fig. 2). Laser power, 210 
mW; electrode diameter ~ laser beam diameter _-- 200 ~m; 
voltage scanning speed, 5 mV/sec. 
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Fig. 5. Polarization curve for copper electrodeposition with 
periodic laser illumination on cathode of Fig. 2 (log current scale). 
Incident laser power, 500 mW; electrode diameter, 200 ~m; voltage 
scanning speed, 5 mV/sec. 

this region the m a x i m u m  enhancement  ~ measured on 
an electrode of the same size as the laser beam is 400 X, 
Fig. 5. A current  density of more than 18 A /cm 2 is 
reached. This plat ing rate, which is extremely high for 
this dilute solution, corresponds to a deposit growth 
rate of more than 6 ~m/sec. Other exper iments  in  the 
mass t ransport  controlled region, with the electrode 
not defined by a hole in the photoresist but  ra ther  
on a pla in  wafer of 1 cm 2 area, resulted in enhanced 
plat ing rates of more than 1000X, like those reported 
earlier (1). The apparent  discrepancy is due to a 
smaller  l imi t ing current  density without  laser for large 
area electrodes. A decrease in the electrode size to very  
small  dimensions leads to diffusion which is no longer 
one dimensional  but  spherical, and thereby increases 
the value of the l imit ing current  for these small  area 
cathodes. The influence of the electrode diameter  on 
the l imit ing current  density is shown in Fig. 6. The en-  
hancement  ratio for an electrode with an area much 
larger than the cross section of the laser beam is de- 
termined taking into account the small  area i rradiated 
by the laser. However, the enhancement  is referred to 
the l imit ing current  density of the large electrode, 
thus such cathodes show enhancements  three times 
larger than the values shown in Fig. 4 and 5. 

We at t r ibute  the enhancement  of the l imit ing cur-  
rent  to s t i r r ing through local convection of the solu- 
tion due to a strong thermal  gradient  near  the cath- 
ode interface (1,2).  We have also found that  for 
higher laser power densities local boil ing of the solu- 
tion produces strong addit ional  stirring. Observation of 
the cathode through a video monitor  showed that the 
bubbles were ejected into the solution normal ly  from 
the vertical  electrode. The effect of this addit ional  st ir-  

-~ T h e  e n h a n c e m e n t  is t he  ra t io  of  t he  p la t ing  c u r r e n t  obta ined 
with  and  w i t h o u t  l a se r  i l luminat ion.  

ring has been measured quant i ta t ive ly  by  recording 
the l imit ing cur ren t  densi ty  for the copper deposition 
while the cathode was i l luminated  by  pulsed laser 
light, the in tensi ty  of which produced boil ing of the 
solution at the cathode. The bubble  formation gener-  
ated an acoustic wave which was detected with a min i -  
ature microphone attached to the external  wal l  of the 
cell. Figure 7 shows both the acoustic wave (trace A) 
and the l imit ing current  (trace B) s imul taneously  re-  
corded on a dual  beam oscilloscope. Six milliseconds 
after the beginning  of the light pulse, trace A showed 
a sharp increase in the acoustic signal due to boi l ing 
of the solution, and at the very same time the l imit ing 
current  increased by a factor of 4. This increase in  t h e  
l imit ing current  is due to the s t i r r ing generated by  the 
ejection of one or more bubbles  in the solution. 

The charge transSer controlled region.--The comb- 
shaped curves of Fig. 4 and 5 also show significant in -  
creases in the current  for overpotentials  well  below 
the region where the react ion is mass t ransport  
limited. The increase in  the reaction rate is believed 
to be due to higher tempera ture  produced in the 
region of laser l ight absorption. The influence of t em-  
perature  on the reaction rate has been studied quant i -  
tat ively in a separate exper iment  in which the entire 
volume of the electrolyte was heated. The results are 
shown in Fig. 8. At a potential  of --20 mV an increase 
of temperature  from 25 ~ to 85~ speeds up the reaction 
by a factor of more than 50. 

It is seen from the curves of Fig. 8 that  a shift of 
rest potential  toward more positive values occurs with 
increasing temperature.  This shift in rest potent ial  i s  
shown in more detail  in Fig. 9. A shift of the equi l ib-  
r ium potential  with increasing tempera ture  is expected 
from thermodynamic  considerations (5). The shift of 
the rest potential  has been measured as a funct ion of 
the laser power (Fig. 10) on an electrode of the same 
diameter  as the laser beam. By comparing the results 
of Fig. 9 and 10 one obtains a relationship between the 
incident  laser power density and the temperature  at 
the interface, Fig. 11. The domain of extrapolat ion 
(B-C) gives approximate values for the interfacial  
temperature  as a function of incident  laser power den-  
sity. A separate exper iment  showed that  for laser 
power densities between B and C, strong boil ing oc- 
curred with bubbles ejected normal ly  from the cath- 
ode. This is consis tent  with the temperatures  obtained 
by extrapolation. 

Due to the positive shift of the rest potent ial  at the 
hotter part  of the cathode it is possible to plate locally 
on a large electrode with no background plating. This 
is achieved by main ta in ing  the cathode at the poten-  
tial value corresponding to the rest potent ia l  of the 
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Fig. 6. Influence of the electrode diameter on the limiting cur- 
rent density of copper deposition without laser irradiation. 

Fig. 7. The influence of boiling on the stirring of the solution. 
Trace A: acoustic signal; trace B: limiting current density for the 
system described in Table I. Abscissa, 10 msec/div for A and B; 
ordinate, 2 mA/div for & Substrate: see Fig. 2, with Cu 1800A, no 
photoresist. Laser pulse length, 45 msec; duty cycle, 1/4; incident 
laser power during the on time, 320 mW. Laser beam diameter, 
approximately 200 ~m. 
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Fig. 8. Influence of temperature on the polarization curves of 
Cu/CuS04. A rotating disk electrode (200 rpm) with a diameter 
of 7.6 mm was used. 
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Fig. 11. Rest potential shift as a function of laser power density, 
indicated by , and of temperature indicated by . . . .  . The 
figure is a superposition of Fig. 9 and 10. A, B, and C are referred 
to in the text. 

trode, plating occurs there and on ly  there. Accord- 
ing to the definition of enhancement  previously  given,  
the enhancement  approaches infinity; however  the ab- 
solute current increase is found to be one order of 
magnitude lower than under mass transport controlled 
conditions. Figure 12 shows the current densities ob- 
tained at different overpotentials as a function of the 
laser power density. The curve at n = 0 corresponds 
to the conditions for no background plating; the 
curve at ~ = --50 mV is in the charge transfer con- 
trolled region, and the one at ~ = --600 m V  is in the 
mass transport controlled region. 

The shift of the rest potential  has other implications.  
The situation in which two regions of different rest 
potentials are e lectrical ly  connected constitutes a 
battery. Thus, laser l ight focused onto a copper e lec-  
trode immersed in an electrolyte wi l l  result  in s imul -  
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Fig. 10. Rest potential shift for the system Cu/CuS04 as a func- 
tion of laser power density. 

system Cu/Cu § + at room temperature. Since the i l -  
luminated part then has a more posit ive rest potential  
than the potential  imposed on the rest of the elec-  
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Fig. 12. Laser-enhanced current densities for different overpoten- 
rials as a function of the laser power density. Base: Nb, 200 J~/ 
1500A. evaporated on glass; electrode diameter, 200 /zm; over- 
potential values referred to room temperature. 
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taneous p la t ing  and etching wi thout  the  use of an  
e lect r ica l  circuit .  For  the solut ion in Table  I, p la t ing  
occurs in the  region of h igher  t empera tu re ,  i.e., the  
region of laser  l ight  absorpt ion,  whi le  s imul taneous  
e tching occurs in the  colder  ad jacen t  regions.  F o r  a 
c i rcular  beam, this  wil l  resu l t  in a p la ted  cen t ra l  c i r -  
cular  spot su r rounded  by  an e tched annulus,  Fig. 13. 
The necessary  condi t ion for  p la t ing  in  the  ho t t e r  r e -  
gion is a posi t ive shif t  of the res t  po ten t ia l  wi th  in -  
creasing t empera tu re ,  which is not  a un iversa l  b e -  
hav ior  for e lec t rochemical  systems. The t empe ra tu r e  
coefficient for  the potent ia l  shif t  is de te rmined  b y  the 
negat ive  of the en t ropy  change for  the  cell  react ion 
(5). Reference  (5) gives the t e m p e r a t u r e  coefficient 
of the equ i l ib r ium potent ia l  for  severa l  systems,  both  
posi t ive and negat ive  shifts are  tabula ted .  The sys tem 
n ickeI /n icke l  c i t ra te  has been s tudied in our  l a b o r a t o r y  
(6). I t  has a negat ive  res t  po ten t ia l  shif t  wi th  in-  
creasing tempera ture .  According to this, we expect  dis-  
solut ion to occur at the  ho t te r  region and p la t ing  on 
the ad jacen t  colder  annulus.  This is shown in Fig.  14 

Fig. 13. SEM micrograph of copper deposited with no external 
electrical circuit. Base Nb, 200 .~/Cu, 1800A evaporated on glass; 
incident laser power, 450 mW. 

for a n ickel  cathode immersed  in n ickel  c i t ra te  solut ion 
in conjunct ion with  a focused laser  beam. 

Laser-enhanced pZating mechanism: thermal  ~nodel. 
- - F r o m  the considerat ions above we postu la te  tha t  
in the presence of laser  l ight  the enhancement  of the  
react ion ra te  is due to an increase of t empe ra tu r e  at  
the  meta l - so lu t ion  interface,  which has th ree  separa te  
effects: (i)  s t rong mic ros t i r r ing  of the solut ion due to 
the rmal  gradients ,  wi th  addi t iona l  s t i r r ing  at  high 
laser  power  densi t ies  due to s t rong local  boi l ing of 
the solution; (ii) an increase in the  charge t rans fe r  
ra te  with increas ing  t empera tu re .  This effect is more  
dependent  on the na tu re  of the  system m e t a l / e l e c t r o -  
lyte  than the micros t i r r ing  of the solution. F o r  aque-  
ous p la t ing solutions the s t i r r ing  wil l  not  va ry  sub-  
s t an t i a l ly  f rom one sys tem to another ,  bu t  the  va r i a -  
t ion of the react ion ra te  wi th  t empe ra tu r e  at  the  in t e r -  
face is s t rongly  dependen t  on the system; and (iii) a 
shift  in the rest  potent ial .  The direct ion and magni tude  
of the shift  depends  on the system used. 

Since the t empe ra tu r e  change at  the  in ter face  is r e -  
sponsible for the enhancement  of the reaction,  severa l  
exper iments  were  unde r t aken  in  which the t em-  
pe ra tu re  at  the in terface  could be varied.  This was 
achieved b y  changing e i ther  the  th ickness  of  the  
meta l l ic  l aye r  of the  cathode or the inc ident  laser  
power  density.  For  these exper imen t s  the  e lec t rode  
was main ta ined  at  the  res t  po ten t ia l  and the resu l t ing  
p la t ing  in the i l lumina ted  region  occurred  wel l  be low 
the l imi t ing current .  The total  charge,  Q, for  each de -  
posi t  was equal  to 5 • 10-4C. The laser  was appl ied  
for sufficiently long t ime in terva ls  to insure  s t eady-  
state the rmal  condit ions at  the interface.  The l a ser  
beam d iamete r  was a p p r o x i m a t e l y  200 ~m; the  th ick-  
ness of the meta l l ic  film of the cathode (on a glass 
subs t ra te)  was va r ied  be tween  500 and 10,000A. The 
main  effect of increas ing the meta l l ic  l aye r  th ickness  
is a decrease  in the  m a x i m u m  t empera tu r e  a t ta ined  
by  the cathode interface due to the increased r ad ia l  
hea t  flow. The rad ia l  hea t  diss ipat ion occurs ma in ly  
in the meta l l ic  l aye r  because of i ts much h ighe r  hea t  
conduct iv i ty  compared  to tha t  of the  suppor t ing  glass 
substrate .  For  th ick meta l l ic  layers  we expec t  a l a rge r  
p la ted  spot  diameter .  This t r end  is observed  in Fig. 
15. The increase of spot d i ame te r  for subs t ra te  th ick-  
nesses ranging  f rom 500 to 10,000A var ies  b y  a factor  
of 2. The t empera tu re  along the rad ia l  d i rect ion de-  
creases r a p i d l y  wi th  increas ing dis tance f rom the 
center  for  values  g rea te r  than  the beam radius,  so 
tha t  p la t ing does not ex tend  much beyond  the beam 
ci rcumference  even with  the  th ickes t  layers  inves t i -  
gated here.  F igure  15 also shows tha t  an increase of 
the meta l l ic  film thickness  decreases the  laser  en-  
hanced current .  We a t t r ibu te  this  d i rec t ly  to the  lower  
in ter rac ia l  t empera ture .  

Fig. 14. SEM micrograph of nickel etching and plating with no 
external electrical circuit. Solution: NiSO4, 0.2M; Na3cit., 0.1M; 
pH, 6.5. Base: Ni, 5000~ on glass; incident laser power, 650 mW. 
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Fig. 15. Influence of the metallic film thickness on deposition 
rate and resulting deposited spot diameter. Q ~ 5 �9 10-4C for 
each deposit; incident laser power, 100 mW. 
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With increas ing lase r  power  (main ta in ing  fixed 
beam d iamete r )  we observed the expected  t rends  for  
the enhanced cur ren t  and p la ted  spot d iameter ,  Fig. 
16. Fo r  an incident  laser  power  ranging  f rom 100 to 
300 m W  the laser  enhanced cu r r en t  increases b y  a 
factor  of 13, whereas  for  the  same power  range  the 
p la ted  spot d i ame te r  increases b y  a fac tor  of 2. This 
can again  be exp la ined  by  the s t rong ly  nonl inear  
rad ia l  t empera tu re  profile in conjunct ion wi th  a sub-  
l inear  p la t ing  enhancement  tha t  occurs for smal l  t em-  
pe ra tu re  increases  above  ambien t  (2). 

A p p l i c a t i o n s  
Copper  lines in  microcircui ts  have been  connected 

or b r idged  using the l a se r -enhanced  e lec t rop la t ing  
method,  Fig. 17. The br idges  were  made  b y  manua l  
t rans la t ion  of a hor izonta l  cathode under  a focused 
laser  beam. A lens wi th  a magnif icat ion factor  of 20 
was used. The br idg ing  work  was done at  low over -  
potent ia l  condit ions which resul ted  in a lmost  no back -  
ground plat ing.  The e lect r ica l  res is tance of these laser  
p la ted  br idges  is low. The solut ion Used for this  c i rcui t  
repa i r  expe r imen t  was CuSO4, 0.5]VI/H2SO4, 0.01M. 

Improvement s  in the optics used to focus the  beam 
made  i t  possible to reduce the wid th  of the p la ted  l ine 
to 2 ~m. F igure  18 shows a l ine p la ted  on an e lec t rode  
using a copper  f luoborate  solut ion under  t he rmoba t -  
t e ry  conditions,  i.e., without  an ex te rna l  power  source. 
This wid th  is consistent  wi th  the  l imi ta t ions  expec ted  
f rom both diffract ion theory  and f rom the abe r ra t ion  
produced  by  the e lec t ro ly te  layer .  However ,  we be-  
l ieve this width  is not  the lowest  a t t a inab le  size. One 
can expect  a smal le r  width  wi th  the  use of a more 
e labora te  lens design and poss ibly  b y  decreas ing the 
dwel l  t ime of the laser  on the cathode. 

Fo r  prac t ica l  appl icat ions  we see at  least  two im-  
por t an t  reasons for  p la t ing  in the  low overpo ten t ia l  
region:  (i) the poss ibi l i ty  of avoiding,  or min imiz ing ,  
background  p la t ing  and (ii) a be t te r  qual i ty  of deposi t  
than  tha t  obta ined  in the mass t r anspor t  contro l led  
region.  

Besides offering a means  for maskless  pa t t e rn  gen-  
era t ion th rough  the use of a scannable  laser  beam,  
this technique can also resul t  in a m a j o r  cost saving 
when precious meta ls  are  to be deposi ted select ively.  
Clear ly  the  technique is most  useful  for  localized, 
smal l  a rea  pla t ing.  

A c k n o w l e d g m e n t s  
We are  gra tefu l  for exper t  technical  assistance by  

D. R. Vigl iot t i  th roughout  the expe r imen ta l  phase of 
this work.  In  addi t ion  we thank  C. Al io t ta  for  assis t -  
ance with  the  SEM's and B. Stoeber ,  J. D. Olsen, and V. 

Fig. 17. SEM micrograph of a laser-enhanced plated bridge. 
Solution: CuS04, 0.SM; H2S04, 0.01M. Laser power, 360 mW; laser 
light focused through a lens 2 0 X ;  base: Nb, 200A/Au,  1500A 
with electroplated copper lines. 
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Fig. 16. Influence of the laser power on the deposition rate and 
deposited spot diameter. Q ~_ 5 ' 10-4C for each deposit; metallic 
film thickness, IO,O00A.. 

Fig. 18. Laser plated line of copper. Base: Nb, 200 A/Cu,  1000A 
evaporated on glass; laser beam focused through a microscope 
lens 2 0 X ;  incident power, 50 mW. 
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Any  discussion of this paper  will  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1982 JOUrnAL. 
Al l  discussions for the June 1982 Discussion Sect ion 
should be submi t t ed  by  Feb.  1, 1982. 
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Ceramic-Coated Positive Current Collectors for 
I.i-AI/LiCI-KCI/FeS  Batteries 

G. Bandyopadhyay 
Argonne National Laboratory, Materials Science Division, Argonne, Illinois60439 

ABSTRACT 

Severa l  e lec t ronica l ly  conduct ing ceramic and meta l l ic  coatings were  in-  
ves t iga ted  to de te rmine  the i r  po ten t ia l  for  use as cur ren t  collectors in the 
posi t ive e lect rodes  of L i -A1/mol ten  LiC1-KC1/FeS2 ba t t e ry  cells. S ta t ic  and 
in -ce l l  corrosion tests in l abora to ry - sca le  cells were  pe r fo rmed;  the  s tat ic  
tests were  cons iderab ly  more  severe  than  the in -ce l l  tests. Chemical  vapor  
deposi ted (CVD) TiC and TiN coatings on inexpens ive  i ron-based  subst ra tes  
showed significant promise  in both tests. Analys is  of the resul ts  led to the  rec-  
ommenda t ion  tha t  the coating qua l i ty  and thickness,  the  subs t ra te  type,  
the coat ing procedure,  the design of the cell  components,  and the e lec t ro-  
chemical  condit ions be opt imized  to achieve m a x i m u m  coating s t ab i l i ty  in 
l ong - t e rm  opera t ion  of Li-A1/FeS2 cells. 

High per formance  Li -A1/ i ron  sulfide secondary  ba t -  
ter ies  are being developed by  Argonne  Nat ional  Lab-  
o ra to ry  (ANL) (1) for electr ic  vehicle  propuls ion and 
for energy  s torage in electr ic  u t i l i ty  systems. In  the 
cells of these bat ter ies ,  negat ive  electrodes of solid 
l i t h i u m - a l u m i n u m  al loy and posi t ive e lectrodes of 
i ron sulfide (e i ther  FeS  or  FeS2) are  used. A t  an  
opera t ing  t empera tu re  of 400~176 the e lec t ro ly te  
LiC1-KC1 remains  in a mol ten  state (the eutectic m e l t -  
ing point  of the e lec t ro ly te  is 352~ The overa l l  
reac t ion  that  t a k e s  place in the Li-A1/FeSx (x = 1 or  
2) cell on discharge can be wr i t t en  as (2) 

2xLi-A1 + FeSx--> xLi2S + Fe + 2xA1 [1] 

where  the  composi t ion of the posi t ive e lect rode at  
complete  discharge of a s toichiometr ic  celI would  be 
Li2S and Fe. The reverse  of these react ions occurs on 
recharg ing  the cell. 

Since the presence of l i thium, l i t h ium-a luminum,  
and i ron sulfides makes  the cell  env i ronment  ve ry  
react ive  at  e leva ted  tempera tures ,  the select ion of 
sui table  mater ia l s  for var ious  cell  components  is ex -  
t r emely  cri t ical  for successful per formance  and com- 
mercia l iza t ion  of these bat ter ies .  The deve lopment  of 
one such key  component ,  the  posi t ive cur ren t  col-  
lector, is the  subject  of this s tudy.  

Al though low carbon or stainless steel  pe r forms  
reasonably  wel l  as the nega t ive  cur ren t  collectors in 
Li-A1/FeSx cells, extens ive  static,  e lectrochemical ,  and 
in -ce l l  corrosion test ing of severa l  commonly  ava i l -  
able  meta ls  and meta l l ic  al loys indica ted  tha t  the  
selection of a sui table  corros ion-res is tant ,  cost-effec-  

Key words: corrosion, chemical vapor deposition, titanium ni- 
tride and titanium carbide coatings. 

tive posit ive cur ren t  col lector  poses a much more  
difficult p rob lem (2-5).  This is pa r t i cu l a r ly  t rue for 
FeSf - type  electrodes,  in which the sul fur  ac t iv i ty  
is cons iderably  h igher  than tha t  in F e S - t y p e  e lec-  
trodes. Since L i -A 1 /Fe Sf - t ype  cells must  be developed 
in order  to achieve the  l ong - t e rm commercia l iza t ion  
goals, it is important to identify and/or develop suit- 
able positive current-collector materials for such cells. 
The only metal or metallic alloy that is known to ex- 
hibit the required chemical stability in an FeSf-type 
electrode environment is molybdenum. However, 
molybdenum is expensive and difficult to fabricate in 
the shapes required for current-collector applications. 
Efforts are therefore underway to identify alterna- 
tive positive current-collector materials for FeS~-type 
cells. E lec t r ica l ly  conduct ing ceramic coatings on in-  
expensive  meta l l ic  subst ra tes  are  being considered for  
such cur ren t -co l lec tor  applicat ions.  The select ion of 
sui table  ceramics for coatings and the inves t iga t ion  of 
the s tabi l i ty  of these coatings in s tat ic  and in-ce l l  
corrosion envi ronments  is the  subject  of this paper .  

Selection of Materials 
The cr i ter ia  for the selection of ceramic coat ing 

mate r ia l s  for cur ren t -co l lec tor  appl ica t ion  include (i) 
sufficient e lectronic conduct iv i ty  of the  ceramic for  
adequate  cur rent -co l lec t ion  efficiency, (ii) corrosion 
resis tance in the FeS2 and LiC1-KC1 env i ronment  at  
400o-500~ (iii) resis tance to spal l ing under  mechani -  
cal and the rma l  stresses, and (iv) cost effectiveness. 
Severa l  meta l  borides,  carbides,  ni t r ides ,  and  doped  
oxides are  known to be good electronic conductors  
(6-8), and the coating technology of m a n y  of these 
mater ia l s  is wel l  developed (7, 9). Kuora  et al. (10, 11) 
and Claar  et al. (12) have pe r fo rmed  p re l im ina ry  
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