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Evaluation of the Kinetic Parameters

We begin with the Butler-Volmer equation to repre-
sent the ferri-ferrocyanide system
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where i, is the exchange current density, « is the trans-
fer coefticient, and i), and i;. are the anodic and cath-
odic limiting current densities. By differentiating i
w.r.t.n and evaluating the result at n = 0, we obtain
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This equation allows one to evaluate i, from experi-
mental data at each rotating speed. The average value
of i, over the six rotation speeds was found to be 5.73
mA/em2, The transfer coefficient o can then be evalu-
ated by applying Eq. [A-1] to the experimental data.
The value of o« was estimated to be 0.16.

For a system with an excess supporting electrolyte,
n is the sum of n. and n, where n, is the activation
overpotential which can be determined by
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ne can now be determined by subtracting na from 7
which has been determined experimentally.

LIST OF SYMBOLS
a a constant defined in Eq. [6]
Cbs Ci concentration of reacting ion at the electrode
surface and in the bulk solution, respectively

CONCENTRATION OVERPOTENTIAL

2539
D diffusion coefficient of reacting ion
F Faraday’s constant
i current density
ige; ip  d-c current density, and pulsed current den-
) sity, respectively
(ige)1  d-climiting current density
i1,a, 41,c anodic limiting current density and cathodic
. limiting current density, respectively
1o exchange current density
n number of electrons transferred in reaction
N number of ¢ycles in a pulse train
R universal gas constant
Sc Schmidt number
T temperature
t time
a transfer coefficient
o thickness of the Nernst diffusion layer
| overpotential
Nay Ne activation overpotential and pulse concentra-

tion, respectively
(Mac) e, (np)e d-c concentration overpotential and pulse
concentration overpotential, respectively
on-time, off-time, and cycle time of a pulse,
respectively
v kinematic viscosity of the electrolyte
T time defined in Eq. [7]
w rotation speed
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Investigation of Laser-Enhanced Electroplating Mechanisms

J. Cl. Puippe,*-! R. E. Acosta,* and R. J. von Gutfeld
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

The mechanism responsible for the very high plating rates at electrodes
illuminated by a laser beam was investigated. Absorption of the laser energy
by the electrode results in a localized increase in temperature at the metal-
solution interface. This leads to: (i) a shift in the rest potential, (ii) an in-
crease in the charge transfer rate, and (iii) strong microstirring of the solu-
tion due to thermal gradients and, at high laser power densities, to strong
local boiling. Verification of the first two effects was achieved by measuring
the enhancement in plating rates as a function of overpotential, laser power,
and substrate thickness and by comparing these results with measure-
ments using solutions at various bulk temperatures. Observation of the
cathode through a video monitor, as well as detection of bubble formation
using a miniature microphone, verified that a correlation exists between the
ejection of bubbles from the cathode and sharp increases in the current.
Application of laser-enhanced electroplating for maskless generation of pat-

terns is also briefly discussed.

A large local increase of current density at the point
of incidence of a laser beam on a cathode was first
reported by von Gutfeld et al. (1-3). Plating rates en-
hanced by as much as a factor of 1000 were reported
for nickel, copper, and gold deposition. It has been
shown (2-4) that electroless plating and electroetching
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rates can also be substantially increased by absorption
of laser light.

In this paper a study of the enhancement mechanism
is presented. The aim was to investigate whether the
laser enhancement is due only to strong microstirring
of the solution or whether it is due to a significant in-
crease in the charge transfer rate. In other words, if
the reaction were not mass transport limited, would
the reaction rate be influenced significantly by the
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laser light absorption? In order to answer this question
the laser-enhanced plating rates were measured as a
function of overpotential.

Previous experiments showed that back illumination
of a thin cathode led to the same enhancement as that
for front illumination (1). Hence a significant contribu~
tion of a photocatalytic effect is excluded. We therefore
postulate that the phenomena involved are related to
a local increase of temperature at the metal-solution
interface as a result of laser light absorption. The find-
ings reported in this paper permit us to elaborate on a
thermal model for the explanation of the observed
plating 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.

Fundamental 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 normally
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 ~1/e of its maxi-
mum intensity. The details of this structure are given
in Fig. 2. The laser beam diameter was adjusted by
positioning a microscope objective lens (2.5x) 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-
sentially not absorbed in the electrolyte, but was at
least partially 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/CuSO,; without laser irradiation. In this
curve one clearly distinguishes the overpotential re-
gion in which the current is mass transport limited
from the region where charge transfer is the limiting
step of the reaction. Figure 4 shows the polarization
curve of the same system with periodic irradiation by
the laser. Here the laser beam diameter was equal to
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Fig. 1. 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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Table 1. Experimenta! conditions

Solution CuSOs, 0.06M

H:SO:, 1M
Electrode Metallic film: Au or Cu

Metallic film thickness: 500-10,000A
Laser Beam diameter: 100-500 pm

Incident laser power density: 0.1-2 kW/cm?
Wavelength: 5145A

that of the active cathode area (i.e., 200 um). Periodic
pulsing of the laser was used to prevent excessive plat-
ing buildup that would result from continuous irradi-
ation. This ensures a more accurate measurement of
the plating enhancement, since the cathode is little
changed during the short duration of the laser pulses.
Figure 5 shows the same polarization curve as Fig. 4,
but with a logarithmic current scale. The logarithmic
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 limiting current plateau of the polarization curve
of Fig. 3, the mass transport 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 um; voltage scanning speed,
4 mY/sec.
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Fig. 4. Polarization curve for copper electrodeposition with
periodic laser illumination (cathode of Fig. 2). Laser power, 210
mVW; electrode diameter — laser beam diameter — 200 um;
voltage scanning speed, 5 mV/sec.
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Fig. 5. Polarization curve for copper electrodeposition with
periodic laser illumination on cathede of Fig. 2 (log current scale).
Incident laser power, 500 mVW; electrode diameter, 200 um; voltage
scanning speed, 5 mV/sec.

this region the maximum enhancement? measured on
an electrode of the same size as the laser beam is 400,
Fig. 5. A current density of more than 18 A/cm? is
reached. This plating rate, which is extremely high for
this dilute solution, corresponds to a deposit growth
rate of more than 6 um/sec. Other experiments in the
mass transport controlled region, with the electrode
not defined by a hole in the photoresist but rather
on a plain wafer of 1 cm? area, resulted in enhanced
plating rates of more than 1000 X, like those reported
earlier (1). The apparent discrepancy is due to a
smaller limiting current density without laser for large
area electrodes. A decrease in the elecirode size to very
small dimensions leads to diffusion which is no longer
one dimensional but spherical, and thereby increases
the value of the limiting current for these small area
cathodes. The influence of the electrode diameter on
the limiting 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 irradiated
by the laser. However, the enhancement is referred to
the limiting current density of the large electrode,
thus such cathodes show enhancements three times
larger than the values shown in Fig. 4 and 5.

We attribute the enhancement of the limiting cur-
rent to stirring 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 boiling of the solu-
tion produces strong additional stirring. Observation of
the cathode through a video monitor showed that the
bubbles were ejected into the solution normally from
the vertical electrode. The effect of this additional stir-

2 The enhancement is the ratio of the plating current obtained
with and without laser illumination.
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Fig. 6. Influence of the electrode diameter on the limiting cur-
rent density of copper deposition without laser irradiation.
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ring has been measured quantitatively by recording
the limiting current density for the copper deposition
while the cathode was illuminated by pulsed laser
light, the intensity of which produced boiling of the
solution at the cathode. The bubble formation gener-
ated an acoustic wave which was detected with a mini-
ature microphone attached to the external wall of the
cell. Figure 7 shows both the acoustic wave (trace A)
and the limiting current (trace B) simultaneously 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 boiling
of the solution, and at the very same time the limiting
current increased by a factor of 4. This increase in the
limiting current is due to the stirring generated by the
ejection of one or more bubbles in the solution.

The charge transfer 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 reaction is mass transport
limited. The increase in the reaction rate is believed
to be due to higher temperature produced in the
region of laser light absorption. The influence of tem-
perature on the reaction rate has been studied quanti-
tatively in a separate experiment 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°C 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 potential is
shown in more detail in Fig. 9. A shift of the equilib-
rium potential with increasing temperature is expected
from thermodynamic considerations (5). The shift of
the rest potential has been measured as a function 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 extrapolation
(B-C) gives approximate values for the interfacial
temperature as a function of incident laser power den-
sity. A separate experiment showed that for laser
power densities between B and C, strong boiling oc-
curred with bubbles ejected normally from the cath-
ode. This is consistent with the temperatures obtained
by extrapolation.

Due to the positive shift of the rest potential 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 maintaining the cathode at the poten-
tial value corresponding to the rest potential of the

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 B. Substrate: see Fig. 2, with Cu 18004, 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 um,
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Fig. 8. Influence of temperature on the polarization curves of
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system Cu/Cu++ at room temperature. Since the il-
luminated part then has a more positive rest potential
than the potential imposed on the rest of the elec-

J. Electrochem. Sec.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

December 1981

5ol

n o »
O (@] (o]
I I I

[¢]

REST POTENTIAL SHIFT (mV)

5
f

ol L L v Ly
o1 03 05 07 o8

INCIDENT LASER POWER DENSITY (kW/cm?2)

|II!|I||,IIIIIII{I|||1||’ll
430 60 80 100 120 140 160

TEMPERATURE (°C)

Fig. 11. Rest potential shift as o function of laser power density,
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figure is a superposition of Fig. 9 and 10. A, B, and C are referred
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trode, plating occurs there and only 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 y = 0 corresponds
to the conditions for no background plating; the
curve at m = —50 mV is in the charge transfer con-
trolled region, and the one at n = —600 mV 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 electrically connected constitutes a
battery. Thus, laser light focused onto a copper elec-
trode immersed in an electrolyte will result in simul-
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Fig. 12. Laser-enhanced current densities for different overpoten-
tials as a function of the laser power density. Base: Nb, 200 A/
1500A evaporated on glass; electrode diameter, 200 um; over-
potential values referred to room temperature.

2)



Vol. 128, No. 12

taneous plating and etching without the use of an
electrical circuit. For the solution in Table I, plating
occurs in the region of higher temperature, i.e., the
region of laser light absorption, while simultanecus
etching occurs in the colder adjacent regions. For a
circular beam, this will result in a plated central cir-
cular spot surrounded by an etched annulus, Fig. 13.
The necessary condition for plating in the hotter re-
gion is a positive shift of the rest potential with in-
creasing temperature, which is not a universal be-
havior for electrochemical systems. The temperature
coefficient for the potential shift is determined by the
negative of the entropy change for the cell reaction
(5). Reference (5) gives the temperature coefficient
of the equilibrium potential for several systems, both
positive and negative shifts are tabulated. The system
nickel/nickel citrate has been studied in our laboratory
(6). It has a negative rest potential shift with in-
creasing temperature. According to this, we expect dis-
solution to occur at the hotter region and plating on
the adjacent colder annulus. This is shown in Fig. 14

100um

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

-

e

SOoum

Fig. 14. SEM micrograph of nickel etching and plating with no
external electrical circuit, Solution: NiSO4 0.2M; Nascit,, 0.1M;
pH, 6.5. Base: Ni, 5000A on glass; incident laser power, 650 mW.

LASER ENHANCED ELECTROPLATING

2543

for a nickel cathode immersed in nickel citrate solution
in conjunction with a focused laser beam.

Laser-enhanced plating mechanism: thermal model.
—From the considerations above we postulate that
in the presence of laser light the enhancement of the
reaction rate is due to an increase of temperature at
the metal-solution interface, which has three separate
effects: (1) strong microstirring of the solution due to
thermal gradients, with additional stirring at high
laser power densities due to strong local boiling of
the solution; (ii) an increase in the charge transfer
rate with increasing temperature. This effect is more
dependent on the nature of the system metal/electro-
Iyte than the microstirring of the solution. For aque-
ous plating solutions the stirring will not vary sub-
stantially from one system to another, but the varia-
tion of the reaction rate with temperature at the inter-
face is strongly dependent on the system; and (iit) a
shift in the rest potential. The direction and magnitude
of the shift depends on the system used.

Since the temperature change at the interface is re-
sponsible for the enhancement of the reaction, several
experiments were undertaken in which the tem-
perature at the interface could be varied. This was
achieved by changing either the thickness of the
metallic layer of the cathode or the incident laser
power density. For these experiments the electrode
was maintained at the rest potential and the resulting
plating in the illuminated region occurred well below
the limiting current. The total charge, @, for ea¢h de-
posit was equal to 5 X 10~4C. The laser was applied
for sufficiently long time intervals to insure steady-
state thermal conditions at the interface., The laser
beam diameter was approximately 200 um; the thick-
ness of the metallic film of the cathode (on a glass
substrate) was varied between 500 and 10,000A. The
main effect of increasing the metallic layer thickness
is a decrease in the maximum temperature attained
by the cathode interface due to the increased radial
heat flow. The radial heat dissipation occurs mainly
in the metallic layer because of its much higher heat
conductivity compared to that of the supporting glass
substrate. For thick metallic layers we expect a larger
plated spot diameter. This trend is observed in Fig.
15. The increase of spot diameter for substrate thick-
nesses ranging from 500 to 10,000A varies by a factor
of 2. The temperature along the radial direction de-
creases rapidly with increasing distance from the
center for values greater than the beam radius, so
that plating does not extend much beyond the beam
circumference even with the thickest layers investi-
gated here. Figure 15 also shows that an increase of
the metallic film thickness decreases the laser en-
hanced current. We attribute this directly to the lower
interfacial temperature.
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Fig. 15. Influence of the metallic film thickness on deposition
rate and resulting deposited spot diameter. Q = 5 - 1074C for
each deposit; incident laser power, 100 mW.
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With increasing laser power (maintaining fixed
beam diameter) we observed the expected trends for
the enhanced current and plated spot diameter, Fig.
16. For an incident laser power ranging from 100 fo
300 mW the laser enhanced current increases by a
factor of 13, whereas for the same power range the
plated spot diameter increases by a factor of 2. This
can again be explained by the strongly nonlinear
radial temperature profile in conjunction with a sub-
linear plating enhancement that occurs for small tem-
perature increases above ambient (2).

Applications

Copper lines in microcircuits have been connected
or bridged using the laser-enhanced electroplating
method, Fig. 17. The bridges were made by manual
translation of a horizontal cathode under a focused
laser beam. A lens with a magnification factor of 20
was used. The bridging work was done at low over-
potential conditions which resulted in almost no back-
ground plating. The electrical resistance of these laser
plated bridges is low. The solution used for this circuit
repair experiment was CuSOy, 0.5M/H3SO04, 0.01M.

Improvements in the optics used to focus the beam
made it possible to reduce the width of the plated line
to 2 pm. Figure 18 shows a line plated on an electrode
using a copper fluoborate solution under thermobat-
tery conditions, i.e., without an external power source.
This width is consistent with the limitations expected
from both diffraction theory and from the aberration
produced by the electrolyte layer. However, we be-
lieve this width is not the lowest attainable size. One
can expect a smaller width with the use of a more
elaborate lens design and possibly by decreasing the
dwell time of the laser on the cathode.

For practical applications we see at least two im-
portant reasons for plating in the low overpotential

region: (i) the possibility of avoiding, or minimizing,

background plating and (ii) a better quality of deposit
than that obtained in the mass transport controlled
region.

Besides offering a means for maskless pattern gen-
eration through the use of a scannable laser beam,
this technique can also result in a major cost saving
when precious metals are to be deposited selectively.
Clearly the technique is most useful for localized,
small area plating.
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Fig. 17. SEM micrograph of a laser-enhanced plated bridge.
Solution: CuSOy4, 0.5M; H2504, 0.01M. Laser power, 360 mW; laser
light focused through a lens 20X ; base: Nb, 200A/Au, 15004
with electroplated copper lines.

Fig. 18. Laser plated line of copper. Base: Nb, 200 A/Cu, 10004
evaporated on glass; laser beam focused through a microscape
lens 20X ; incident power, 50 mW.

Downloaded 04 Jun 2012 to 137.99.26.43. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Vol. 128, No. 12

Ranieri for technical contributions during various as-
pects of the research. We are also grateful to Dr.
J. Cl. Chastang for his help in improving the optics of
the experiment to obtain smaller plated deposits.

Manuscript received Feb, 24, 1981, This was Paper
373 presented at the Hollywood, Florida, Meeting of the
Society, Oct. 5-10, 1980.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

Publication costs of this article were assisted by IBM.

LASER ENHANCED ELECTROPLATING

2545

REFERENCES

1. R. J. von Gutfeld, E. E. Tynan, R. L. Melcher, and
S. E. Blum, Appl. Phys. Lett., 35, 651 (1979).

. R. J. von Gutfeld, E. E. Tynan, and L. T. Romankiw,
Abstract No. 472, p. 1185, The Electrochemical So-
ciety Extended Abstracts, Los Angeles, CA (Oct.
14-19, 1979).

. R. J. von Gutfeld and J. Cl. Puippe, Oberfliche-Sur-
face, 11, 294 (1981).

. L. Kulynych, L. Romankiw, and R. J. von Gutfeld,
IBM Technical Disclosure Bulletin, 23, 1262 (1980).

. K. J. Vetter, “Electrochemical Kinetics,” p. 15, Aca-
demic Press, New York (1967).

. J. Horkans, Unpublished results.

[

=T T -

Ceramic-Coated Positive Current Collectors for
Li-Al/LiCI-KCI/FeS. Batteries

G. Bandyopadhyay

Argonne National Laboratory, Materials Science Division, Argonne, Illinois 60439

ABSTRACT

Several electronically conducting ceramic and metallic coatings were in-
vestigated to determine their potential for use as current collectors in the
positive electrodes of Li-Al/molten LiCl-KCl/FeS, battery cells. Static and
in-cell corrosion tests in laboratory-scale cells were performed; the static
tests were considerably more severe than the in-cell tests. Chemical vapor
deposited (CVD) TiC and TiN coatings on inexpensive iron-based substrates
showed significant promise in both tests. Analysis of the results led to the rec-
ommendation that the coating quality and thickness, the substrate type,
the coating procedure, the design of the cell components, and the electro-
chemical conditions be optimized to achieve maximum coating stability in

long-term operation of Li-Al/FeS; cells.

High performance Li~-Al/iron sulfide secondary bat-
teries are being developed by Argonne National Lab-
oratory (ANL) (1) for electric vehicle propulsion and
for energy storage in electric utility systems. In the
cells of these batteries, negative electrodes of solid
lithium-aluminum alloy and positive electrodes of
iron sulfide (either FeS or FeS;) are used. At an
operating temperature of 400°-500°C, the electrolyte
LiCl-KCl remains in a molten state (the eutectic melt-
ing point of the electrolyte is 352°C). The overall
reaction that takes place in the Li-Al/FeS, (x = 1 or
2) cell on discharge can be written as (2)

2xLi-Al 4- FeS;—» xLisS 4 Fe 4 2xAl [1]

where the composition of the positive electrode at
complete discharge of a stoichiometric cell would be
LisS and Fe. The reverse of these reactions occurs on
recharging the cell.

Since the presence of lithium, lithium-aluminum,
and iron sulfides makes the cell environment very
reactive at elevated temperatures, the selection of
suitable materials for various cell components is ex-
tremely critical for successful performance and com-
mercialization of these batteries. The development of
one such key component, the positive current col-
lector, is the subject of this study.

Although low carbon or stainless steel performs
reasonably well as the negative current collectors in
Li-Al/FeS, cells, extensive static, electrochemical, and
in-cell corrosion testing of several commonly avail-
able metals and metallic alloys indicated that the
selection of a suitable corrosion-resistant, cost-effec-

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

tive positive current collector poses a much more
difficult problem (2-5). This is particularly true for
FeSs-type electrodes, in which the sulfur activity
is considerably higher than that in FeS-type elec-
trodes. Since Li-Al/FeS,-type cells must be developed
in order to achieve the long-term commercialization
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 FeS,-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. Electrically conducting ceramic coatings on in-
expensive metallic substrates are being considered for
such current-collector applications. The selection of
suitable ceramics for coatings and the investigation of
the stability of these coatings in static and in-cell
corrosion environments is the subject of this paper.

Selection of Materials

The criteria for the selection of ceramic coating
materials for current-collector application include (i)
sufficient electronic conductivity of the ceramic for
adequate current-collection efficiency, (ii) corrosion
resistance in the FeS; and LiCl-KCl environment at
400°-500°C, (iii) resistance to spalling under mechani-
cal and thermal stresses, and (iv) cost effectiveness.
Several metal borides, carbides, nitrides, and doped
oxides are known to be good electronic conductors
(6-8), and the coating technology of many of these
materials is well developed (7, 9). Kuora et al. (10, 11)
and Claar et al. (12) have performed preliminary





