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Levelling of Microprofiles In Electrodeposition

Kenneth Guy Jordan

ABSTRACT

Theoretical analysis of moving boundaries in electrodeposition is addressed, focusing
on the levelling of microscopic surface contours. The ·literature relevant to the solution of
current distribution problems is reviewed. Convection of inhibitors to the· depth of trenches is
evaluated using the finite element method, and characterized as a function of Reynolds
number, notch angle, and depth. Secondary flows are shown to noticeably enhance transport
into microscopic trenches only at high Peclet numbers, i.e. at very high flow velocities.

The boundary element method (BEM) is used to analyze levelling caused by inhibitors
consumed at the transpon limiting rate during electrodeposition. It is predicted that (i) better
levelling performance can be obtained if the microscopic surface waviness is oriented perpendicular to the convective flow, and (ii) for surface roughness oriented parallel to the flow,
there is an optimum boundary layer thickness, or flux of additive, which results in superior
levelling performance.

Profilometry and photomicrography is applied to obtain the

~rrent

distribution,

current efficiency and levelling performance on novel microprofiled electrodes for two orien-

.

tations with respect to the fluid flow during nickel electrodeposition in the presence of coumarin. Slightly bener'levelling occurs in flows transverse to grooves, and the deposit thickness increases in the flow direction. It is concluded that coumarin acts by simultaneously .

lowering the current efficiency, and blocking metal deposition.

Levelling caused by corrosive agents consumed at the transport limiting rate is
evaluated using BEM as a· function of (i) the corrosion and electrodeposition rates, (ii) the
ohmic and kinetic resistances, and (iii) the system geometry. Significant levelling is demonstrated when the current distribution is dominated by charge transfer kinetics, and the corrosion rate is comparable to the electrodeposition rate.

Periodic current reversal is discussed for conditions where: (i) the same quantity of
charge is passed anodically and cathodically, and (ii) the pulse duration is longer than that of
transients. The influence of (a) the number of cycles, (b) the anodic and cathodic current
densities, and (c) the anodic and cathodic Wagner numbers is investigated. Levelling occurs
when the current distribution is dominated by ohmic resistance during the anodic pulse, and
by charge transfer kinetics during the cathodic pulse.
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CHAPTER I.
INTRODUCTION

This dissenation addresses current distribution phenomena in the smoothing of
advancing and receding microprofiles during electrodeposition in the following areas: levelling in the presence of inhibitors, levelling in the presence of corrosive agents, and levelling
caused by periodic current reversal. These phenomena are relevant to many commercial electrodeposition processes.

In the late 40's, the primary industrial importance of depositing smooth, thin metal

layers lay in reducing buffing and polishing costs for parts used in the auto industry (such as
bumpers and hom buttons), and in manufacturing parts for the communications industry (such
as radio antenna, and electrical contacts). This aspect remains important today, but there are
now many new applications in which control of the metal distribution is essential.

For example, in the microelectronics industry, copper is electroplated in 3M's tapeautomated-bonding (TAB) process and in IBM's ceramic chip packaging technology. In
addition, nickel-iron alloys are electroplated for thin film magnetic disk drive heads, copper

..

for the the coils in such heads, and chrome for photolithography masks. Electrodeposition is ·
also used in the production of metal coated filaments and fabrics. All these processes require
control of the electrodeposit morphology to obtain smooth surfaces on the 1000 A to 50 urn
scale. From the very beginning of the metal plating industry, the morphology of the

2 -

electrodeposit has been controlled through the use of additives, minor constituents purposefully added to the electrolyte. On the other hand, the metal distribution may be modified by
minor constituents and impurities that are an unwelcome part of a particular system; for
example, bromine attacks zinc in zinc/bromine batteries during charging. Also, the development of the microprofile may be altered by pulsing the cathodic current, or by alternately
plating and dissolving material.

The problem of accurately predicting the advancing profiles that occur during metal
deposition and dissolution is thus of practical interest From the heuristic, almost blackmagical, methodS of electroplaters, our understanding of electrochemical processes has slowly
',

evolved into a science. First gained experimentally, and later predicted theoretically,
knowledge of the current distribution on an electrode is of principal importance in controlling
electrochemical processes. If we have knowledge Of the c\irrent distribution, several properties of electrocrystallized metal deposits might then be controlled, such as the deposit brightness, roughness, Compactness, stress; and composition. Such knowledge also allows, by analogy, mass and heat transfer rates to be predicted.

A number of investigators have attempted to simulate the change of geometry in electrochemical systems caused by deposition or dissolution of material. The earliest works in
this area attempted to find one dimensionless group or one experiment that would characterize
the deposition for the entire system. For· example, Hoar and Agar (1), (2), Haring and Blum
(3), and Wagner (4), elucidated the principles underlying the concept of throwing power.
The characteristic dimensionless number,
transfer, is defined as

1

the ratio of kinetic to ohmic resistance to charge

3

Wa =

1C

d!]/()i
.L

On a macroscopic scale, the Wagner number is very useful for predicting the unifonnity of a

electrodeposit; however, it is less useful on the microscopic scale, because a system with a
Wagner number indicating unifonn distribution of electrodeposition on a large scale very_
often has a serious maldistribution on a small scale. This can occur because· other factors
affect the current distribution, such as the transport of the depositing material or of a minor
constitpent to the surface.

Although a single such group can never completely describe any physical system,
groups like the Wagner number allow one to understand which factors dominate any electrochemical process. For this reason, the hunt for quantities that better assess the important
underlying physical processes continues. For example, recently, Roha and Landau (5), (6),
(7) have found a group

chara~terizing

a electrochemical systems with additives, the smooth-

ing factor, which when positive indicates that smoothing of the profile will occur as material
is electrodeposited. The smoothing factor includes the adsorption and transport of additives
to the surface--an effect neglected in the Wagner number. Work in this area has been
reviewed by Landau (8).

In many cases, a more detailed description of the current distribution is required.
Applied mathematicians such as Moulton (9) and applied physicists such as Kasper ( 10),
were the first to analyze the current distribution in electrochemical systems using a rigorous
mathematical treatment Kasper's extensive work even included the effect of simplified
\dnetics of charge transfer reaction occurring an electrode. on the current distribution..
1

This dimensionless ratio was named the Wagner number by the IUP AC.

4

There are at least seven effects that influence metal distribution on the microscopic
scale: (1) olnnic, (2) kinetic, (3) transport, (4) inhibitor, (5) current efficiency, (6) pulse plating, and (7) periodic current reversal. On the basis of purely geometric or ohmic considerations, imperfections on a surface (such as protrusions) will be amplified as deposition
progresses, as shown in Figure 1-1. The protrusions are more accessible, hence more current
flows there,. and thus more metal deposits there. This behavior is observed during metal
deposition at very low current densities; and is commonly referred to as primary current distribution.

When the influence of charge transfer kinetics is included (the second effect), the
current distribution approaches unifonnity on the microscale. This is the secondary current
distribution. Because the distribution is more unifonn, microscopic imperfections will be
diminishe<l~

as shown in Figure 1-2. This is commonly tenned geometric levelling

phenomenon. This behavior is observed during metal deposition at moderate current densities.

If we consider deposition high current densities, transport of the depositing species
becomes important In the limiting case, this third effect causes the distribution of metal to
be identical to that for primary current distribution. Microscopic imperfections will be
magnified.

On the other hand, if deposition is carried out at moderate current densities, but the
access to the surface by an inhibitor is transport· limited (the fourth effect), more inhibitor
arrives at the peak than in the valley, inhibiting electrodeposition more at the peak. Thus, the
rate of levelling is increased and is greater than geometric, as illustrated in Figure 1-3.

5

l
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. Figure 1-1. Deposition.'Under Primary Current Distribution Conditions
·'
•·

On the basis of purely geometric considerations; more currer:tt will flow to the peaks
than to the valleys; hence, deposition amplifies protrusions.

'.
,
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Figure 1-2~ Deposition Under Secondary Current Distribution ·

..
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.,

When the influence of charge transfer kinetics at the interface is included, the current
distribution becomes unifonn, resulting in geometric levelling.
,.
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Figure 1-3. Levelling Caused By Inhibitors
If an inhibitor is consumed at the transpOrt limiting rate, more arrives at peaks than
vallyes, poisoning the deposition reaction more at peaks, resulting in rapid levelling of the

surface. ·
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The metal distribution can be improved if the current efficiency declines with increasing current density, or if the deposited metal is subject to corrosion by a transport-rate limited
agent When the current efficiency decreases with increasing current density, less metal is
plated on the peaks than would be expected from the current density, thus the metal

distribu~

tion is more uniform than without the effect

Pulsing the cathodic current (the sixth effect) can also alter the distribution of metal;
when the current is zero (between cathodic pulses), species which become transport limited
during a cathodic pulse diffuse back to the electrode. Consequently, more metal deposits in
the valley than would without pulsing.

The seventh

effect~

periodic current reversal, can influence the development of an

electrode profile if the electrodeposited material has asymmetric behavior between deposition
I

and dissolution, that is if the material is limited by one process during deposition, and by
another during dissolution.

To gain a clear understanding of the current state of the an for solving current distribution problems, and to put this dissertation in perspective, the important experimental and
theoretical approaches to studying current distribution are reviewed. There are a number of
ways to organize the literature: (i) by author, (ii) by topic or (iii) by method of investigation.
Categorizing the literature by author might be convenient for personal files, and would facili-

-

tate locating particular papers by an author. unfortunately, any insights gained by several
_ authors on one topic or method would not be immediately apparent Organizing the literature
by topic offers the convenience of iriunediately determining what has been done in a particular research area; however, perspective on the methods used to study current distribution

9

problems is lost in this type of presentation. Fwthennore, there are several topics for which
only a single paper is written, thus the number of topics might still be on the order of the
number of authors. Sorting the literature by method has the disadvantage of dividing the
literature on one current disnibution topic into several method categories; however, the
advantage gained is a perspective on the methods available for solving current distribution
problems. Thus in this introduction, the review of the literature has been organized by
method of approach to current distribution problems. In general, each

se~on

on a particular

method is organized into three basic parts: (i) explanation of the method, (ii) review of the
literature, and (iii) critical evaluation of the method. The first division of the literature is into
experimental and theoretical studies.

A. Experimental Determination Of Current Distribution

Experimental methods for obtaining current distributions have been extensively
reviewed by Rousselot (11), and most recently by lbl (12). There are five general approaches
in the experimental detennination of the current distribution in an electrochemical system: (1)
gravimetric, (2) chronopotentiometric, (3) amperometric, (4) radiometric, and (5) surface analytic. Additional experimental approaches to obtaining the current distribution rely on
momentum, heat, or mass transport analogies and are only valid in the limit where the effects
of the electric field on ionic transport and electrode potential on reaction kinetics are negligi-

..

ble .

The first three approaches rely on the use of segmented electrodes. In general, each
segment must be electrically isolated from adjacent segments. The earliest work on detennin-

10

ing current distributions using segmented electrodes was by Mantzell (13). Segmented electrodes have been manufactured for measuring current distribution in almost any geometry
imaginable. Following are brief descriptions of some of the more recent current distribution
measurements.

1. Gravimetry

\

In gravimetric detenninations of the current distribution, the electrode is segmented,
and a deposition or dissolution reaction carried out. The segments do not have to be electrically isolated. The weights of the segments are then compared to their intial weights, and
consequently, the current distribution is found.

For example, Dukovic (14) measured the current distribution using segmented cylindrical electrodes dUring anodic dissolution of nickel. Shah and Jome (15), (16) have used the
weight change caused by dissolution of a sectioned vertical zinc electrode to detennine the
current distribution and hence convective mass transfer at the wall for flows driven by both
gas evolution, and combined forced and gas evolution.

The use of sectioned electrodes is ideal for anodic current distribution studies. For
cathodic current distribution studies, separation of the electrodes may be difficult if the thickness of plated material is significant.

2. Chronopotentiometry
In some systems, it is desirable to distinguish between the current distribution and the

11

metal distribution. In such cases, the current to the electrode is larger than the amount of
metal depositing on it, because of a competing reaction such as hydrogen evolution. The
metal distribution may be determined by potentiostatically dissolving the metal previously
deposited on each electrode and observing the time required for the anodic current to drop to
zero. From this chronopotentiometric measurement, the quantity of material on an electrode
can be found.

Alkire and Lu (17) used such a method to measure the metal distribution along a segmented vertical electrode. In their system, hydrogen evolution drove the flow by the electrode.

3. Amperometry

Amperometry offers the most

d~rect

measurement of the current distribution when the

current to each segment of an electrode is measured separately. Earlier amperometric work
used large macroscopically dimensioned segmented electrodes, but modem semiconductor
processing methods have been used to manufacture microscopic segmented electrodes.

(a) Macrosegmented Electrodes

Using a ftowcell with large electrode segments, Acosta (18), and later Landau (19)
successfully measured the current distribution along parallel plate electrodes; from these
- measurements, the distribution of mass transport rates was detennined along the electrode
surface.

Later, Engelmaier, Kessler and Alkire (20), using a Hull cell, measured the current to

12
a segmented planar electrode, demonstrating the smoothing of the current distribution caused
by using auxiliary bipolar electrodes.

Hebert and Alkire, (21), and later Siitari and Alkire (22), and Alkire, Tomasson, and
Hebert (23) used a segmented disk electrode to measure the current distribution during corrosion in a crevice.

Bisang and Kreysa (24) also used a segmented electrode to study the current distribution in a tubular reactor when resistance in the electrode is important They found that the
measured current density decreased as a function of distance down the tubular reactor. In
addition to their experiments, they developed a model which accurately predicted the current
distribution.

Iri a packed bed electrochemical reactor, Aeischmann and Ibrisagic (25) used indivi-

dual raschig rings (the packing elements) to measure the_ potential distribution axially and
current distribution radially in the reactor. In the axial direction, they found the potential
increased linearly with distance, while in the radial direction, the current density was maximum in the center, decreasing towards the edges.

Elsner and Marchiano (26) also studied the current distribution on a vertical segmented electrode. Although their work is similar to Alkire and Lu 's in that they study the
c.d. to a vertical electrode, their work was different in three respects: (i) the current used for
the gas evolution reaction was determined from measurement of volume of gas produced, (ii)
the total current causing the feno/ferricyanide reaction was also determined by measurement
of the concentration change in the solution (as well as by the current density to each electrode section), and (iii) hydrogen evolution occurred on only one segment.

13

(b) Microsegmented Electrodes

The previous investigators all used macro segments. Recently, a number of researchers have used segmented electrodes with microscopic dimensions. The advantages of using a
microsegmented electrode include those associated with worlcing on a small scale: increased
resolution, and reduced quantity of electrolyte required. Using a stagnant cell, Harrar and
Shain (27) investigated the effect of ~unter electrode and reference electrode placement on
the potential distribution at a set of five worlcing wi_!'e electrodes arrangc:;d in a line.

Nanzer and Coeuret (28) used a grid of small wires (microelectrodes), embedded in,
and electrically isolated from, a large cathode plate, to determine the current distribution, and
thereby the local mass transfer coefficients for transport enhanced by submerged jets of
liquid.

Wragg, Tagg, and Patrick (29) measured diffusion controlled current distributions in a
sudden expansion in square ducts and circular tubes using small wires embedded in the electrode walls. From their measurement of the current distribution, they computed local mass
transfer coefficients.

Hsueh and Chin (30), (31) have used a segmented cylindrical electrode to measure the
limiting current distribution (and hence local mass transfer coefficients) when a submerged jet
impinges on the cylinder.

Prior to the aforementioned work of Bisang and Kreysa (24) on tubular electrodes,
Alkire and Mirarefi (32) measured the current distribution along a sectioned tubular electrode,
through which an electrolyte moved under laminar flow. In one set of experiments, they stu-
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died copper deposition; iii another set, reduction of ferric ions, at several fractions of the limiting current. By measuring the limiting current, they demonstrated the validity of the
Leveque corelation for mass transport to the wall of a tube.

Awakura, Ebata, and Kondo (33) measured the current distribution during copper
deposition along a plane vertical electrode with embedded wire sensor electrodes. Depletion
of Cu ++ near the cathode caused density differences· resulting in ·natural convection. The wire
sensors embedded in (and electrically isolated from) the cathode allowed a direct, in situ,
measurement the local current density. Later, Fukunaka et al (34) used a sectioned vertical
electrode to measure the current distribution when the convective flow was driven by gas evolution.

Alkire and Ju (35) used sectioned electrodes to determine the effect of an impinging
fluid jet on the current distribution in a through-hole. Later (36), they also used a sectioned
electrode to measure the current distribution to an electrode oriented perpendicularly to an
impinging jet.

The most sophisticated technique yet developed for measuring current distributions
using segmented electrodes utilizes microscopic segments constructed using semiconductor
fabrication methods. Dees (37), and later Whitney (38) employed a micromosaic segmented
electrode to measure current distribution in two dimensions. The electrode consists of a 10 x
10 grid of 10 urn square pads, separated by 2-5 urn insulating strips. Dees developed and
used this electrode to study the effect on mass transfe~ of detaching, or coalescing bubbles.
Whitney used this apparatus to study the effect of a rising stream of bubbles on or near vertical electrodes, and to investigate the onset of natural convection at a horizontal surface.

15

(c) Amperometric Probes

Recently, vibrating microprobes have been developed that allow measurement of the
current density in solution. The technique has been reviewed by Crowe and Kasper (39).
The microprobe consists of a small metal sphere

r 20 urn in diameter) that is vibrating in

one direction. The potential variation with time of the microprobe is measured with respect
to a fixed reference electrode. In this way, the component of current in the direction of oscillation is inferred.

Initially, these probes were used in the study of biology. The first reponed use such
probes in the electrochemical literature for current distribution measurements was by Ishikawa·
and Isaacs, (40). Crowe and Kasper (39) used a scanning vibrating probe electrode to measure the current density near a corroding iron disk. Isaacs (41) also used a scanning vibrating
probe electrOde to measure the current distribution on a corroding, square, stainless steel electrode.

,This technique has the disadvantage that the probe interferes with the geometry of the
cell being studied, and that presently, only one component of the current density is measured.
The major advantage of the method is the precision with which the current and potential distribution can be mapped; Crowe and Kasper (39) report resolutions on the oroer of 5 nA/cm 2
for current, and 20 um for location.

4. Radiometry

The incorporation of labelled radioactive species to determine current distribution has

16
not been widely reported in the literature. Kronsbein (42) first described a method for determining metal and current distribution using radioisotopes in 1950. Later, Bode and Euler
(43), (44), (45) used autoradiography to measure the current distribution in lead-acid bat-

teries. Hietbrink and Hill (46) have reported the use of radiotracers in the study of zinc redistribution during cycling of a Zn/NiO

eell.

Radiometric techniques also have been used in

studying the distribution of levelling additives incorporated into an electrodeposit, (47), (48),
(49), the adsorption of additives onto an electrode· (50), (51), (52),

(5~).

the fonnation of

polyaniline films (54), (55), (56), and.the motion of ions in a membrane (57).

Radiometry has the advantage of allowing the precise measurement of thin coating
thicknesses of electrodeposited material, but it is difficult to make accurate local measurements of the radioactivity for the detennination of current distribution. The method also
· required measures assuring environmental safety.

5. Surface Analysis

A number of methods for detennining the current distribution are based on observing
the deposit thickness, or profile. Young and Teague (58) have surveyed the various methods
for analysis of surface finishes. In the electrochemical literature, deposit contours are most
frequently measured using photomicrography, or profiloriietry; however, a large variety of
methods have been used. For example, Nanev, Mirkova and Rashkov (59) used interferometry to measure the microprofile during levelling caused by additives. X-Ray fluorescence has been used by Achey and Serfass (60) to measure the thickness_of thin (10-4-+ w-3
em) zinc and tin deposits, while Orazem and Miller (61) have used a depth of field (micro-
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scope) technique to obtain the profile on a disk electrode.

(a) Photomicrography

Photomicrography has found the widest use for the detennination of current distribution on microprofiles. Some of the earliest worlc. in this area was perfonned by Kronsbein
and Monon (62) who measured the distribution on acute and obtuse comers onto which
copper was electrodeposited. In particular, they investigated the effect of radius of curvature
on metal distribution~ As reflected in the review by Kardos and Foulke (63), or the work of
Chomak.ova and Vitkova (64), Raub (65), or Watson and Edwards (66), there have since
been many uses of photomicrography in the study of levelling phenomena. Most recently,
using photomicrography, Cheh (67) detennined the current distribution during gold electrodeposition from a cyanide bath into grooves with walls of various slopes.

Photomicrography has also been used to swdy current distribution on a RotatingDisk-Electrode (ROE) by Wan and Cheh (68), (69). They measured the current as a function
of radial position on a disk during pulsed electrolysis.

Kessler and Alkire (70), (71) and Engelmaier and Kessler (72) used photomicrography
to investigated the effect of additives and fluid velocity on the current distribution in a
through-hole.

The major disadvantage of this method is the length of time required to mount, section and then photograph the sample; however, this is more than offset by the capability of
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accurate deposit thickness observation.

(b) Coordinate Inspection

In some cases, rapid determination of the deposit contour can be achieved by locating
the shadow cast when a light beam is directed at the material. Using such a technique, Prentice (73) measured the current distribution by measuring the macroprofile of an electrode
before and after metal was electrOdeposited. Prentice traced profiles using a Coordinate
Inspection Machine, a device that allows the shadow of a metal workpiece to be accurately
traced. He found a very interesting result which he had first predicted theoretically; the formation of a local dip near the peak of a sinusoidal profiie after electrodeposition.

In general, such a technique is limited to electrodeposits on items such as cylindrical
electrodes, where nonuniformities in electrodeposit thickness on one part of the workpiece do
not obstruct the shadow· cast by the section of interest.

·(c) Profilometry

Profilometry has been by far the most widely used means of observing the electrodeposit contour in studies of levelling phenomena. Profilometers amplify the vertical position
of a stylus as it horizontally traverses a surface, providing a macroscopic visualization of the
microscopic surface contour.

Some of the earliest uses of profilometry were by Ostrow and Nobel (74), (75), (76),
who studied levelling phenomenon in acid and cyanide copper baths. More recently, Tidke
and Ramaswamy (77) have used profilometry to study nickel levelling during electroplating.
Also,- Alkire and Reiser (78) · used

pro~lometry

to measure the thickness of copper plated onto
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an array of parallel strips. In their worlc, they studied the effect of varying the electrolyte
conductivity on thickness of material plated. Sautebin et al (79), (80)

as well as Matlosz and

Landolt (81), used a profilometer to study the levelling of a triangular wave electrode during
electrochemical machining. Also, Barlcey et al (82) used a profilometer to observe the
development of roughness during electrodeposition of copper onto rotating cylinder electrodes. Angus et al (83) have used profilometry to monitor the development of small scale
features when plating through gelatin masks, and Horlcans and Romankiw (84) used
profilometry to investigate the deposition of gold through masks with 50 urn lines.

Profilometers offer the advantage of an extremely rapid measurement, but have the
disadvantage that only profile infonnation is obtained; deposit thickness infonnation is lost.
Furthennore, the sharp features in the valley of a microprofile are usually lost; the
profilometer can only probe valleys with walls wider than the _tip radius.

B. Theoretical Methods for Determination of Current Distribution

~ctitioners and theoreticians have attempted to predict

ihe me.tal profile resulting

from electrodeposition for as long as electroplating has been practiced. To date, the calculation of steady state current distribution has been classified into one of three types: primary,
secondary, and tertiary. The primary current distribution is one that depends on geometry
alone. The secondary current distribution also includes the effects of reaction kinetics at the
electrode. The tertiary distribution includes the influence of mass transport of the reacting
species. Also, there are conditions other than primary, secondary, or tertiary for which we
would like to compute the current distribution; for example, we might like to consider the
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effects of transients, competing electrodeposition reactions, conusive agents. current
efficiency, electrode resistance (terminal effects), additives, and migration. It is interesting to
note that with the use of computers, the solution to almost any primary or secondary current
distribution problem can be found. In the following three sections, the important analytical,
analog, and numerical solutions to current distribution problems published in the literature are
surveyed.

1. Analytical Solutions

· Experimental measurements of current distribution have often been coupled with
theoretical calculations. Kronsbein (85) wrote one of the· first literature review articles on the
current and metal distribution in electrodeposition. Up to that time, primarily analytical
methods had been used. Fleck, Hanson and Tobias (86) have reviewed the analytical solutions published prior to 1964. Kojima (87) has reviewed the analytical solutions for electrolytic cell resistances. lbl (12) in volume 6 of the Comprehensive Treatise of Electrochemistry
also provided a review of the current distribution literature. More recently, in 1990, West
and Newman (88) have reviewed several analytical methods (conformal mapping, separation
of variables, similarity transformations, and perturbation techniques) and one numerical
method (boundary element technique) used to calculate steady and unsteady state current distributions governed by Laplace's equation. Dukovic (89) has also written a review on the
computation of current distribution with an emphasis on applications to the electronics industry. Duplicating the excellent efforts of these authors is unnecessary; however, the earliest
works in each area are mentioned, as well as more recent wortcs which appeared after, or
were neglected in, the previous review articles. The analytical methods used in the articles
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surveyed here include: (a) direct integration, (b) confonnal mapping and coordinate transformation, and (c) perturbation methods.

(a) Direct Integration

Solving for the current distribution by simple, direct integration of the governing
equations is very rare. Although such solutions are simple to obtain, it is not always possible
to make the assumptions required to simplify the governing equations so that direct integration is possible. Usually, the investigators using this method must make assumptions that
render the governing equations one dimensional.

For example, Kessler and Alkire (70), (71) solved Laplace's equation in one dimension for the current distribution in a through-hole, a problem important in the manufacture of
circuit boards. In their work, a criterion for even deposits in a through-hole was developed.
Lanzi and Landau (90) also analyzed the current distribution in a through-hole by direct
integration of the governing equations. They found that ohmic limitations dominate the
current distribution in through-holes with high aspect ratios. Lanzi et al (91) later extended
that model to include the effect of local variations in kinetics. Using straightforward integration of the differential equations, Bisang and Kreysa (24) developed a one-dimensional model
for determining the current distribution in a tubular electrochemical reactor where resistance
in the electrode is large. They included the effects of Tafel kinetics at the electrode in their
simulation. The model accurately predicted the results of experimental measurements. Sullivan and Middleman (92) -and Middleman (93) also

an~yzed

through-hole plating current

distribution. They derived an analytical expression that allowed the deposit unifonnity to be
estimated as a function of the flow through the hole.
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Lapicque and Storck (94)' estimated the cunent distribution in a parallel plate. plug
flow electrochemical reactor by dividing the reactor into three !-dimensional zones, a
cathodic zone with axis normal to the electrode, a similar anodic zone, and a flow cell zone,
with axis parallel to both anode and cathode.

Tobias and Wijsman (95) considered the effect of resistance within the electrode on
the current distribution, including the effects. of linear kinetics. They solved Laplace's equation using a separation of variables technique and obtained an infinite series solution.
Recently, D'Amico, DeAngelo, and McLamon (96) used Tobias and Wijsman's results to
analyze copper deposition onto moving high resistance films.

Perakh (97) used an infinite series solution to approximate the current distribution in
an electrochemical cell with a slotted insulator between the anode and cathode.

For bipolar water electrolysis cells, Divisek (98) computed the current and potential
distribution by integration. The integration constants could be found by solution of a simultaneous set of linear equations. He included resistive electrodes and Tafel kinetics in his
model.

Filinovsky (99) fowtd the current distribution on a heterogeneous surface composed of
regularly spaced cathodic- and insulating regions for two limiting cases: (a) the ratio of
cathodic to insulating area much larger than one, and (b) much less than one.

Porous electrodes also lend themselves to analysis by one-dimensional equations.
This subject has been extensively reviewed by Newman and Tiedemann (100). One of the
most recent works_ in this area is by Ho and Jome (101) who found an analytical solution to
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the current distribution in a porous flow through electrode with linear kinetics.

(b) Coordinate Transformations

Coordinate transfonnations such as confonnal mappings and laplace transfonns are the
methods that were used initially to solve current distribution problems in electrochemistry.
They are reviewed by West and Newman (88), and explained, for example, in Churchill and
Brown (102) and Moon and Spencer (103).

The seminal worlcs in the electrochemical literature on steady state current distribution
problems used these techniques and focused on solving primary current distribution problems,
basically solving Laplace's equation with simple boundary conditions on a particular
geometry. Moulton (9),

and Kasper (10)

used confonnal mapping to solve for the primary

current distributions in rectangular geometries.

Later Wagner (4) extended the method to solve for secondary current distributions in
rectangular geometries; however, he only considered linear kinetic behavior. Wagner also
solved for the primary current distribution on a low amplitude sine wave (104). Koryushin
(105) duplicated Wagner's work on sinusoidal profiles, and also used confonnal mapping to
solve for the current distribution on rectangular-grooved electrodes, as well as sinusoidal
profiles with passivated peaks or troughs.

After Wagner, J;line, Yoshizawa and Okada (106) used the confonnal mapping technique to investigate the effect of the wall geometry on current distribution in electrochemical
cells. Using a rectangular geometry, they detennined the effect of electrode width and distance between electrodes on the current distribution.
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Newman (107) originally used a coordinate transfonnation to solve for the current distribution on a RDE. Law and Newman (108) ·extended this solution to analyze the corrosion
of an iron RDE. Orazem and Miller (109) funher extended this model to include the fonna.:.
tion of a passivating salt film.

Recently, Birke (110), used coordinate transfonnation to solve for the current distribution on oblate spheroid electrodes. He solved for primary current distributions, and steady
· state current distributions for reversible systems.

Diem, Newman and Orazem (111) used the confonnal mapping technique to determine the primary current distribution on a recessed electrode. They studied the effect of the
angle between an insulator and a recessed electrode on the current distribution. A computer
had to be used to perfonn the integrations required for the confonnal mapping.

Time-dependent current distributions in two dimensional domains have been solved
using transfonnations of the time coordinate. Buck and Berube (112) have recently presented
a table of the Laplace transfonns useful for solving time-dependent current distribution problems including the effects of migration and diffusion in one dimension. They demonstrate
the use of these tables in four examples, (i) diffusion to a reversible electrode with net
current equal to iero, (ii) diffusion-migration .in a symmetric-electrode celL under a voltage
step, (iii) an antisymmetric

2

electrode thin-layer cell under a voltage step, and (iv) two

anions moving through a fixed positive site membrane. These methods are not useful for
solving current distribution problems with moving boundaries.
2

Their tenninology for an electrochemical cell with different cathode and anode materials, such as a lithium/iodine cell.
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When a suitable coordinate transfonnation or confonnal mapping can be found, they
offer a simple means of analytically determining the current distribution; however, such
transfonnations or mappings cannot always be found, and are not suitable to solving probe
!ems where the electrode boundary is of complicated or changing shape.

(c) Perturbation Methods

Perturbation methods may be used when some parameter or coordinate approaches
zero; the unknown variable is expanded as a power series in the parameter approaching zero .
. West and Newman (88) have reviewed these methods and their application to the solution of
current distribution problems. The first application of these methods to electrochemical systems was by Newman (113) and Smyrl and Newman (114), who investigated the structure of
the pola,rized diffuse double layer existing near the electrode-electrolyte interface.

These methods were eventually applied to current distribution problems by Nisancioglu and Newman (115) who solved for the short-time response of a disk electrode to a
step change in potential or current. They also worked out the solution to the steady-state
secondary current distribution on a disk electrode for systems with very fast electrode kinetics, i.e. with large exchange current density (where the current distribution follows the primary current distribution, except at the edge of the disk). Pierini, Appel and Newman (116)
extended the steady-state solution to include the effects of the concentration of the reacting
species at the interface on the kinetics, and hence the current distribution.

Nisancioglu and Newman's work was generalized from the disk to general electrodeinsulator interfaces with a 180 degree angle by Smyrl and Newman (117). West and Newman (118) further generalized the perturbation solution to compute current distributions near
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an electrode edge for any angle.

Morris and Smyrl (119) have used an asymptotic expansion to solve for the secondary
current distribution with linear kinetics on an electrode coplanar with the insulator in a linear
and thin annular electrode geometry. They compared their solutions to those found numerically using the finite element method.

Also using a perturbation method, Fedkiw (120) solved for the steady state current

-

distribution to a sinusoidal electrode, improving on Wagner's solution. Juxtaposing several
analytical techniques, Nolen and Fedkiw (121) determined the transient limiting current distribution to a sinusoidal wall using perturbation analysis, Laplace transforms and separation of
variables. The transformed solution could only be inverted via a numerical method .

. Advancing and Receding Profiles

Fitz-Gerald and McGeough (122), and Fitz-Gerald, McGeough, and Marsh (123), used
a first order expansion of the potential in terms of the ratio of the maximum amplitude of
microscopic roughness on the anode to the separation distance between the anode and
cathode to solve for the current distribution and motion of the anode during electrochemical
machining. They included the effect of Tafel kinetics on both electrodes.

Forsyth and Rasmussen (124) performed a high order perturbation expansion solution
to a simple electrochemical machining problem. The parameter they used to expand the
potential was the ratio of the electrode separation to the maximum wavelength describing the
microscopic roughness on the anode. To keep their solution from diverging at long times,
they smoothed the electrode surface after each time step. The perfurbation solution was
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verified by comparison to a finite difference solution. They found that the perturbation
method required 40 % more computer time than the finite difference method.

Evaluation

Although some of the differential equations that arise when analyzing electrochemical
systems have been solved by perturbation methods, these methods have found relatively little
use in solving for the current distribution over an entire electrode. One obvious reason for
this is that the variable used to form the perturbation series must be small; hente, these
methods are most useful for determining the current distribution near the edge of an electrode. Also such methods are not very useful for solving current distribution problems with ·
advancing or receding profiles.

2. Analog Solutions

For current distribution in geometries not amenable to solution by analytical methods,
one might think that a numerical method must be used; however, there are other ways to
predict the primary and secondary current distribution in any geometry that do not require the
use of a numerical method. Among the oldest analog methods is the trough method (125),
used to measure primary current distributions. In this technique, a trough is filled with electrolyte (usually dilute to

minimi~

power requirements), electrodes placed in appropriate loca-

tions and an alternating current (from an isolating transformer) applied between them. Lines
of constant potential are then located using a wire probe and an AC null instrument The
most common physical analog models used are: (a) resistive paper and conductive paint, (b)
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electric circuits, and (c) combined methods.

(a) Paper and Paint

The first report in the electrochemical literature of a physical model to detennine the
current distribution was by Kinney and Festa (126). They demonstrated how the current distribution could be predicted using resistive paper and conductive paint Later, Rousselot
(127), (128), (11), and (129) used this technique to study current distributionS in various
'
geometries.

(b) Electric Circuit

Electrochemical systems may also be simulated entirely by networlcs of electric circuits (analog computers). Feldberg (130) has reviewed the use of analog models. General
reviews are also given by Karplus and Saroka, (131), and by Gilbert, (132). Using analog
circuit models, Euler and Nonnenmacher (133) investigated the current and potential distribution within a porous electrode, Nigmatullin (134) simulated diffusion to a stationary spherical
microelectrode, Holub and Nemec (135) modelled diffusion and adsorption to a sphere, and
Liebmann (136) simulated diffusion. Recently, Burney and White (137) used such a model
to predict shunt currents in a stack of bipolar plate cells.

(c) Combined Methods

Recently, these two analog methods have been combined. Miyazaki, Katagiri and
Yoshizawa (138) used resistive paper and conductive paint, coupled with electrical circuit
models to simulate the current and potential distribution in a packed bipolar cell. They
'

modelled a cylindrical electrode as a series of circumferential segments on a piece of resistive
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paper. Each segment was connected to an electric circuit that simulated the charge transfer
kinetics of the electrode reaction. An electric field was applied across the segmented circular
electrode on the paper, and the potential distribution located using a probe and voltmeter.
They extended their model to include the effects of anodic Tafel and cathodic limiting current
behavior (139).

Physical analog or analytical means for calculating the current distribution are not
appropriate for accurately

determini~g

the location of the electrode boundary after significant

deposition has occurred. For current distribution problems requiring precise description of
moving boundaries, one almost always must resort to numerical methods.

3. Numerical Solutions

With modem numerical methods, the solution to many primary or secondary current
distribution problem may be easily found. Numerical methods have also allowed electrochemists to predict the current distribution for more complex problems. Prentice and Tobias
(140) surveyed tl}e numerical methods and solutions to current distribution problems that had
been presented prior to 1981. Ibl (12), in his previously mentioned review, also discussed
numerical solutions to current distribution problems. Later, Zamani, Porter,_and Mufti (141)
reviewed the use of the finite difference method, the finite element method and the boundary
element method in solving current and potential distribution problems in corrosion engineering. The most popular numerical methods used to solve current distribution problems are
Finite

Differ~nce

(FDM), Variational, Orthogonal Collocation (OCM), Finite Element (FEM),

and Boundary Element (BEM). The last four methods are all particular cases of weighted

residual methods. Before reviewing the current distribution problems solved by these classic
numerical methods, problems solved using a combination of analytical and numerical techniques will be surveyed.

(a) Hybrid Numerical-Analytical Methods

A computer may accurately, quickly, and easily compute an integral or sum a series
numerically, thus leading to hybrid numerical-analytical solutions. For example, Tobias and
Wijsman (95) found an infinite series solution to the current distribution in an electrochemical
cell with resistive electrodes. At the time, they found the infinite series solution would not
converge rapidly enough to be practical for use; however, with modem high speed ·computers,
such series solutions may now be evaluated. Perturbation solutions are also usually evaluated
through the use of a computer.

Iterative techniques (where the current distribution is solved for analytically and the
integration constants are found iteratively) have been implemented on computers for various
problems. Using this method, Alkire and Mirarefi (142), (32) computed the current distribu-tion within a tubular electrode under laminar flow. Such current distribution problems are
also referred to as through-hole plating problems. Ben~Porat, Yahalom and Rubim (143)
solved a similar problem, but they also included the effect of the. ohmic resistance of the
thin-metal electrodes. Pesco and Oleh (144), (145) have also performed a calculation similar
to Alkire and Mirarefi 's. Pesco and Cheh consider the effect of restricted electrolyte flow
and periodic electrolysis on the current distribution within the

through-~le.

Using a similar

iterative technique, Fedkiw and Brouns (146) analyzed periodic electrodeposition on a planar
electrode~
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P'arrish and Newman (147), calculated the current di~tribution including the effects of
convection on planar, parallel electrodes for primary, secondary, and limiting current cases.
Later, Edwards and Newman (148) extended this method to include the emicts of interacting
boundary layers.

Pierini and Newman (149) used superposition principles to detennine the current distribution on a disk electrode in an axisymmetric cylindrical cell. Recently, Baker and Verbrugge (150) using an integral transfonn method, simplified the governing equations for the
current distribution on a stationary disk electrode below the limiting current. They had to use
a numerical procedure to calculate the solution.

Pesco and Cheh (151) used an iterative procedure to calculate the secondary current
distribution at a rotating disk electrode. Their model included the effect of surface concentration on Butler-Volmer kinetics. The surface of the disk was discretized into a set of points;
the concentration at each was initially guessed, and the potential distribution found. The
current distribution calculated from the potential distribution was then used to generate the
next guess for the surface concentration. In this way, the current distribution was found.

{b) Finite Difference MethiJd

The finite difference method is the numerical procedure that has been most used in the
scientific literature to solve current distribution problems, primarily because it is easily understood and programmed into a computer. In a tutorial article, Feldberg (130) explained the
use of the finite-difference method to solve electrochemical problems, supplying FORTRAN
subroutines. Also, Newman developed a FORTRAN program, BAND! for solving coupled
ordinary differential equations using the finite difference method (152). Curtis, Evans and

.

-~

White (153) have suggested that BAND be improved to include partial pivoting when inverting matrices, and Fedkiw and Bogard (154) present a method for extending it to solve current
distribution problems with integral constraints, such as the zero total· current on a bipolar
electrode.

In the electrochemical literature, several authors have recently presented an improved,

'Hopscotch' method for solving finite difference equationS (155), (156), (157), (158), and
explored the advantages of various grid spacing schemes (159) and time stepping algorithms
(160), (161).

In the·current distribution literature, the earliest use of the finite difference method to

solve Laplace's equation was reported by Klingen, Lynn and Tobias, (162). They described
the FD method and used it to compute the current distribution in an L-shaped region.

The current distribution in a porous electrode flow reactor was computed using the
finite-difference method by Alkire and Ng (163). They considered both How parallel and
perpendicular to the current flow, and a Butler-Volmer kinetic relationship between current
density and overpotential.

McFarland (164) recently used the finite difference method to solve for the primary
current distribution in Casey-Asher, TeNa, and Hull cells, as well as for secondary current
distribution in a Hull cell for linear and tafel polarization.

Prentice and Sides (165), (166) used FD to solve for the primary current distribution
in Hall cells.

Savinell and Chase ( 167) used the finite difference methoq to solve for the primary

33
and secondary current distribution in a wedge-shaped cell; they studied angles of 0, 5, and 10
degrees. Because the region they simulated was non-square, they experienced difficulties in
implementing the FD method; they solved this problem by splitting the domain into two
meshes with one overlapping boundary. Cells of this shape are used in Aluminum-Air batteries; Savinell and Chase used their model to optimize such cells.

The finite difference method was used by Vaaler, Brooman, and Fuggiti (168) to
analyze electrode shape and position in lead-acid batteries.

!n their system, they allowed the

conductivity to vary throughout the cell. They calculated steady-state current density and
potential distributions for various geometries used in lead-acid batteries. They found reasonable agreement between their model predictions and their experimental results.

The finite difference method has been used by Nguyen et al (169) to determine the
current distribution in a parallel plate electrochemical reactor when axial diffusion and migration are important

Recently, Katagiri and Miyazaki (170) discussed the use of FD to compute secondary
current distributions on bipolar arrays of electrodes. For such current distribution problems,
they recommend solving an analogous time-dependent heat transfer problem. The solution to
the heat transfer problem after an infinite amount of time would be identical to that of the
steady-state secondary current distribution problem.

Friedrichs, Friesner and Bard ( 171) discussed the solution of time-dependent diffusion
controlled current distribution problems by solving finite difference equations using eigenvectors and eigenvalues instead .of the more commonly applied relaxation method.
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The finite difference method has been implemented by Menon and Landau (172) to
solve for the time dependent current distribution including the effects of migration, diffusion,
and Butler-Volmer kinetics. They examined a simple one-dimensional cell, and a twodimensional cell. Later, (173), they used finite differences to solve for the current distribution in a RDE cell, and a parallel plate flow cell, when multiple electrode reactions are occurring. From their model, they were able to predict thickness and composition variations on
the cathode during alloy

plating~

Yung and Romankiw (174) have used finite differences to calculate the current distribution in plating of copper from an acid electrolyte into a through-hole, including the effects
of charge transfer kinetics and transport into the hole. The geometry they investigated was
similar to that studied by Klingert, Lynn and Tobias (162). Yung and Romankiw's calculations agreed with their experimental results.

Advancing and Receding Profiles

The finite difference method has found some use in predicting the change of shape of
an electrode profile after electrodeposition or electrodissolution. Riggs, Muller and Tobias
(175) used FD to predict the final shape of a workpiece after electrochemical machining.
Prentice and Tobias (176) solved for the secondary current distribution along a sinusoidal,
polarizable electrode. Using the current distribution, they simulated deposition and dissolution on such profiles, and from their model, discovered the surprising formation of valleys on
the ridges of an initially sinusoidal electrode. These valleys were later confirmed by experiment. They also simulated the deposition and dissolution of square and angular trenches
'

-- (177), (178).
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Evaluation

The advantage of using the finite difference method is its simplicity. Although FD
may be applied to solving differential equations in curved domains (for example, by using the
Sch~artz-Christoffel

transfonnation or by devising a method for differencing across curved

boundaries), doing so can make implementation of the method difficult and unnatui-al, as
found by Prentice and Tobias (176) and also by Savinell and Chase (167). Lynes and Landau ( 179) reported on the use of a staircase approximation to simulate non-orthogonal boundaries. Consequently, the advantage of simplicity is removed by the disadvantage inherent to
the finite different method implemented on curved domains.

(c) Orthogonal Collocation Method

While ·QCM was applied to current distribution much later than either FD, FEM, or
BEM, it can be a powerful tool for quickly estimating current distributions numerically.
fletcher (180) presents a basic introduction to the solution of equations using orthogonal collocation~ Urban and Speiser (181) discuss the advantages of nonunifonn grid spacing on

solving electrochemical problems using orthogonal collocation.

Caban and Chapman ( 182) applied orthogonal collocation to the computation of
current distribution in a laminar flow cell with parallel electrodes during potentiostatic pulsed
electrodeposition. Their model agreed quite well with their experimental measurements.
Later, using a double orthogonal collocation technique, Yen and Chapman (183) calculated
the current distribution on a rotating disk electrode including the effects of convection,
diffusion, and migration. Using orthogonal collocation, Lee and Selman (184) investigated
the effects of tenninal and separator resistance on the current distribution in a parallel-plate
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flow reactor. Such reactors are used for zinC/bromine batteries.

OCM has also been used to simulate the current-time behavior of rotating ring disk
electrodes by Parikh and Liddel (185), (186). Whiting and Carr (187) have solved current
distribution problems governed by diffusion using orthogonal collocation.

Evaluation

Unlike finite diffe_rence methods, orthogonal collocation is a weighted residU:al
method, like FEM or BEM. Orthogonal cOllocation is very useful for steady-state current
. distribution problems; however, it is a poor technique to use for the computation of current
distribution when the electrode boundaries move, primarily because the basis functions that
apply in the original domain of interest will no longer be appropriate in the new domain that
forms after moving the electrode boundary. When it can be applied, OC is a much faster
meth<X! than either FEM, or BEM, because no integrals must be evaluated, or FD because a
relaxation solution procedure need not be used. It has the drawback that orthogonal polynomial basis functions must be found for the domain of interest.

(d) Variational Methods

·

The earliest introduction of variational techniques to the electrochemical literature was
in 1977bfGlarum (188), to detennine the current distribution on a disk electrode. He also
applied variational methods to determine the current distribution on a flat strip electrode, a
rectangular electrolytic cell, and a baffled rectangular cell (189).

Variational methods with globally defined basis functions (the functions used to
approximate the solution) suffer from the disadvantages associated with orthogonal
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collocation methods (solutions are limited to problems with stationary boundaries), and finite
element methods (integrations must be carried out throughout the entire solution domain).
The finite element method is a variational technique with the special condition· that the basis
functions are only defined locally, on each element

(e) Finite Element Method

The FEM is probably the most used numerical
method today, mainly because
it is
-.
very general. It is as easily implemented for curved boundaries as for straight, and may be
applied to many different differential equations; furthennore, there are several excellent textbooks .on the subject, see for example, Burnett (190). In the finite element method, the solution to the differential equations governing current distribution is approximated over finite
regions, or elements; the union of all the elements completely cover the domain over which
the solution is desired.

The earliest use of FEM to solve electrochemical problems was in 1978, by Alkire,
Bergh and Sani (191). They described the use of FEM to predict current distribution, and
growth of electrodeposit, in a square cell, similar to that described by Moulton. Alkire et al
used the full Butler-Volmer equation to describe the electrodeposition kinetics occurring on
the cathode:

Later, Alkire and Reiser (78) used FEM to simulate the current distribution and
growth of copper plated onto parallel strips. They solved Laplace's equation for the potential
and accounted for kinetics at the electrode surface. They had qualitative success in predicting
the deposit thickness as a function of electrolyte conductivity.
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Peskin (192), used FEM to study secondary and tertiary current distributions and
moving boundary problems. She studied electrodeposition onto parallel strips, into trenches.
and with nonunifonn concentration gradients. She also simulated mask undercutting during
etching of semiconductors.

Sautebin, Froidevaux and Landolt (79), (80) used FEM to compute the primary
current distribution and shape change of a surface during electrochemical machining. They
experimentally measured and numerically predicted the decrease in amplitude of an initially
triangular wave

e~ectrode.

Oerc and Landolt (193), (194), (195) simulated anodic levelling using FEM, studying
the influence of mass transfer boundary layer~ profile shape, and cell geometry. They simulated the dissolving of an electrode profile with an initially triangular wave. Later, Matlosz
and Landolt (81) used this model to simulate the anodic levelling of such a profile on a steel
RDE.

Matlosz et al (196) have used the finite element method to compute the secondary
current distribution in a Hull cell. They compared the numerical solution with a BEM solution and their own experimental results.

Nishiki, et al (197), (198), (199) and (200) used the finite element method to determine the primary and secondary current distribution in an electrochemical cell where one
electrode had a gap. They considered the effects of linear, Tafel, and Butler-Volmer kinetic
relationships, as well as the presence of a membrane between the an.ode and cathode and the
convection caused by bubble evolution.
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Tokuda et al (201) used the finite element method to analyze the effect on the current
distribution ota Luggin capillary for linear kinetics.

Penczek and Stojek (202) used FEM to solve for the time-dependent mass-transfer
limited current distribution on disk electrodes with microscopic dimensions. Their worlc is
important in the development of the theory behind microelectrodes used in studying electrochemical phenomena.

Selman and Chiu (203), and Chiu (204) used FEM to simulate moving boundary during zinc electrodeposition in the presence of low concentrations of bromine. This worlc is
relevant to understanding the behavior of zinc/bromine batteries.

Simek and Rousar, (205) used FEM to calculate the primary and secondary current
distribution in an·amalgam electrolyzer,-a cell with a cylindrical anode and .a plane cathode.
For the secondary current distribution calculations, they assumed Tafel kinetics.

A complex secondary current distribution problem was solved using the finite element
method by Morris and Smyrl (206). They studied the effects of galvanic interactions on random heterogeneous surfaces (generated from Voronoi tessellations) and consisting of coplanar
cathodic and anodic regions. This worlc is important in understanding corrosion on a surface.

.

Kassimati and Smyrl (207) used FEM to study current distribution during corrosion of
a material covered with a resistive protective layer. Specifically, they modelled the corrosion

I~

of Cobalt partially covered with a protective Carbon layer. In their model, they computed the
secondary current distribution (assuming Butler-Volmer kinetics) in an uncovered circular
region surrounded by an anodic ring at constant potential. The ring was covered by a resis-
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tive carbon layer with a different conductivity than the electrolyte.

Crowe and Kasper (39) used FEM to model the corrosion of an iron disk adjacent to
a copper ring. They found qualitative agreement between their FEM model and their own
experimental results.

Advancing and Receding Profiles

Several authors have used FEM to solve current distribution problems with moving
boundaries. The works of Oerc and Landolt (193), (194), Peskin (192), and Alkire, Bergh
and Sani (191), and Alkire and Reiser (78) have already been mentioned.

Evaluation

One· of the problems faced by those using FEM to solve moving boundary problems
is the description of the FEM mesh. Not only_ must the location of nodes on the boundary be
moved, but the location of all interior nodes should be moved as well. Consequently, using
FEM requires significant computational time to be expended in moving all the

nod~s.

This is

a disadvantage FEM has when compared to BEM, the numerical method reviewed in the following.

It should be noted that FEM does have one significant advantage over BEM. When
analyzing electrochemical systems, boundary elemenrmethods may only be used if Laplace's
equation governs the current distribution.

(j) Boundary Element Method

Mathematically, boundary element methods may be used only when solving problems

.;_,
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governed by a function that may ·be inverted by Green's Theorem. In the boundary element
method, the solution or its derivative are approximated on segments that make up the boundary.

Although two introductory texts for boundary element methods have been written (for
example, see Brebbia (208), and Brebbia and Walker (209)) and Blue has written some concise introductory articles (210), (211), several tricks are required to implement the method.
·For example, to implement BEM-for

axi~ymmetric

problems, see (212), (213), (214), (215).

Nevertheless, BEM has been applied successfully by a number of researchers to the solution
of current distribution problems.

Deconinck (216) studied current distribution and moving boundary problems in electrochemical systems. He investigated current distribution in a Hull cell, a two dimensional
cell with an open part and a separator, a chlorine production cell, and in a through-hole.

Deconinck, Maggetto, and Vereecken (217) calculated the current distribution and
resulting electrode shape change using BEM. They examined four problems: (i) the deposition of copper during

~pper

electrorefining, (ii) the production of chlorine in a diaphragm

cell, (iii) the influence of the Wagner number on the growth of an initially sinusoidal profile
(a case looked at by Prentice and Tobias (176)), and (iv) electrochemical machining of iron.

.

West and Newman (118) have used boundary integral equations and a singularperturbation analysis to detennine the current distribution for the case when the ohmic resis.

.

tance is large in comparison to the kinetic resistance everywhere but near the edge of the
electrode.
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Aoki (218) has used BEM to compute the steady state current between interdigitated
electrodes. As ,previously mentioned, Matlosz, Creton, Clerc and Landolt (196) compared
use of the boundary element method to the finite element method for computing the secondary current distribution in a Hull cell.

Cahan, Scherson and Reid (219) have developed an iterative solution metbod for solv-,
ing boundary element equations. They applied the method to find the current distribution in
three geometries: (i) a rectangular cell with parallel anode and

cathode~

(ii) an axisymmetric

cylinder cell with parallel, ring-shaped anode and cathode, and (iii) a cell with a square
comer polarizable cathode and flat unpolarized anode (identical to the geometry considered
by Prentice and Tobias (177).

Hume, Deen and Brown (220) used BEM to study electrodeposition onto a substrate
of which parts are protected by a 'hard-baked polymeric mask (like photoresist). They computed a tertiary current distribution; i.e. they accounted for the kinetics of the charge transfer
reaction of the

re~cting

species, but also included the mass transport of the reacting species.

They simulated the mass transport by assuming diffusion layer which had a flat boundary
above the substrate and had a thickness inversely proportional to the mass transfer coefficient

Dukovic and Tobias (221) used the boundary element method to investigate the
influence of attached bubbles on Ule potential and current distribution. Dukovic (14) also used
BEM to study anodic protection.

Zamani, Chuang, and Porter (222) have demonstrated how to use BEM to solve
potential and current distribution problems in corrosion engineering, where the electrolyte
extends for an infinite distance.
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Assuming a secondary current distribution, Mehdizadeh et al (223), (224) used BEM
to optimize the use of auxiliary (or thief) electrodes to obtain smooth electrodeposits on the
cathode. This worlc is especially imponant to the production of semiconductor chip packages.

Shih and ~ckering (225) perfonned three-dimensional sOlution of_ the current distribution on a square planar electrode in an infinitely long rectangular cell.

Advancing and Receding Profiles

Deconinck (216) simulated moving boundaries during electrodeposition in a Hull cell,
on a sinusoidal profile, and during electrodissolution in anodic levelling and electrochemical
machining. As previously mentioned, Cahan et al (219) simulated the deposition of metal
onto a square coiner cathode. Also, Dukovic (14) used BEM to study advancing contours in
levelling phenomena.

Evaluation

Boundary element methods have a number of disadvantages that limit their applicability to the solution of current distribution problems. Mathematically, they may only be applied
to problems governed by Green's functions. In electrochemistry, the may be applied to
current distributions governed by Laplace's equation. Even when the boundary element
method can be used, implementation is not straightforward. Because of these disadvantages,
other numerical methods, such as finite difference, finite element method or orthogonal collocation, will always be used for the solution of complex current distribution problems.

In spite of these disadvantages, when the boundary element method may be applied, it
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has two notable advantages over finite element methods: (1) for the same number of nodes,
boundary element methods describe the current distribution on the electrode boundary more
accurately than finite element methods, and (2) the simulation of moving boundaries is faster
when using the boundary element method than when using the finite element method. For
these two reasons, boundary element methods will continue to be used for the solution of
current distribution problems governed by Laplace's equation.

4. Commercial Software

In the last ten years, several commercial software packages designed for solving

current distribution problems have been released and discussed in the literature. Packages
have been developed using the finite difference method, the finite element method and the
boundary element method. The development and availability of software packages will
undoubtedly continue to increase with the decrease in computing costs.

(a) Finite Difference Method Software

As previously mentioned, FORTRAN code for perfonning current distribution calculations has been published by Newman (152), and by Feldberg (130). Now that virtually every
practicing engineer has access to a personal computer, the use of spreadsheets (such as
LOTUS or EXCEL) to solve Laplace's equation (and hence primary and secondary current
distribution problems) has become popular. Hirschel (226) has explained the iterative relaxation procedure commonly used.

Landau, Galasco, and Tang, (227) developed software, CELL-DESIGN, to predict pri-

45
mary and secondary current distribution on line clusters adjacent to an isolated line. Their
theoretical predictions for secondary current distribution showed a trend opposite to that
observed experimentally. They explained this by considering the effect of the surface concentration of the reacting species on the kinetics. They came to the conclusion that sparse
line clusters have a better unifonnity of deposit from line to line than dense clusters.

(b) FEM Software

Dimpault-Darcy and White (228) reported the use of a commercial FEM program,
TOPAZ20, to solve for the secondary current distribution with linear kinetics in a bipolar
plate cell. Later White, Jagush, and Burney, (229) used an extended version of this program,
TOPAZ3D, to study the three dimensional current distribution in a-bipolar cell, and Jagush,
White and Ryan (230) used the program to study the secondary current distribution in a
three-dimensional Hull

cell~

(c) BEM Software

Being the most recent method applied to current distribution problems, there are few
published or commeicially available programs that use the boundary element method. Brebbia (208), (209) has published FORTRAN code that solves potential problems (primary
current distribution problems) in two dimensions. A commercially available program,
BEASY, has been used by Cicognani, Gasparoni, Mazza and Pastore (231) to simulate (in 3

..

dimensions) cathodic protection of offshore o_il platfonns. Strommen et al (232) have used
an unnamed software package specifically designed for analysis of cathodic protection in

offshore· oil rigs.

C. This Work

At present, the problem of predicting the evolution of surface profiles during electrodeposition has great industrial importance in many manufacturing processes. The distribution
of current governs the change of shape during electrodeposition; consequently, many experimental and theoretical methods have been applied to determine current distributions. Experimental methods allow direct observation of the current and metal distribution; theoretical
methods that duplicate experimental observations demonstrate our understanding of the factors affecting the electrodeposition process. When theoretical analyses and experimental
obseryations do not agree, we have the opportunity for elucidating the physics and chemistry
of electrodeposition phenomena

In this dissertation; theoretical analysis of moving boundaries in electrodeposition is

addressed, focusing on the levelling of microscopic surface contours. In particular, the following are considered:

1) levelling in the presence of inhibitors,
2) levelling in the presence of corrosive agents, and
3) levelling caused· by periodic. current reversal.

In many of these levelling problems, the transport of minor species to the electrode
surface can have a profound affect on the development of the microprofile. Thus, a theoretical investigation of the role of recirculation in the convective mass transport of inhibitors to a
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notch was undertaken, and is discussed in chapter n.

Levelling of a microprofile can occur when an inhibitor is conswned on an electrode
at the mass-transport limiting rate; on the peaks of a microprofile, where the inhibitor has
greatest access to the surface, the electrodeposition reaction is more inhibited (i.e. the kinetics
are less favorable) than in the valleys. Consequently, more metal plates in the valleys than
on the peaks. For the solution of this current distribution problem, a boundary element
method was employed. This theoretical analysis of levelling caused by inhibitors during electrodeposition is presented in chapter III.

Even though qualitative agreement was found with others experimental results, the
model indicated that the levelling performance might be a function of the direction of fluid
flow by the surface. To test this hypothesis, an experimental _study of levelling caused by
inhibitors was performed. The experiments used profilometry ai1d photomicrography to
obtain the current distribution on novel microprofiled electrodes in two orientations with
respect to the fluid flow; they are described in chapter IV.

In some battery systems, the presence of corrosive agents is unavoidable. For exampie, in a zinc/bromine battery, some bromine always leaks across the membrane separating
the bromine catholyte from the zinc anolyte. During charging of these cells, the electroplated
zinc has a different, smoother morphology than zinc electroplated in the same anolyte, but
without the bromine. Although the corrosive agent, bromine, has been credited with altering
the morphology, no theoretical analysis of this current distribution problem has ever been
published. In chapter V, a theoretical analysis (using the boundary element method) of levelling caused by corrosive agents during electrodeposition is presented.
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There are other methods for obtaining level surfaces without the use of additives.
When the cathodic deposition process is inhibited with respect to the anodic dissolution process, it is possible to level the microprofile. Such is the case when plating at a low current
density, and then dissolving at a high current density, periodically reversing the current. Levelling caused by periodic current reversal is discussed in chapter VI.
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Wagner number (ratio of kinetic~to ohmic resitances)
current density
appropriate length scale

Greek Letters
11
x:

overpotential
conductivity

so
REFERENCES

(1)

J. N. Agar and T. P. Hoar, "The Influence of Change Of Size in Electrochemical
Systems", Disc. Faraday Soc., 1, 158-162 (1947)

(2)

T. P. Hoar and J. N. Agar, "Factors In Throwing Power illustrated By PotentialCurrent Diagrams", Disc. Faraday Soc., 1, 162-168 (1947)

(3)

H. E. Haring and W. Blum, "Current Distribution and Throwing Power in ElectroTrans. Amer. Electrochem. Soc., 44, 313-345 (1923)

deposition'~,

(4)

(5)

C. Wagner, "Theoretical Analysis of the·Current Density Distribution in Electrolytic Cells", J. Electrochem. Soc., Mar. 1951, 98, 3, 116-128
D. Roha and U. Landau, "A Transport Based Theory For Leveling Additives".Ext.

Abs. Electrochem. Soc., 87-2, Abs. # 571
(6)

D. Roha and U. Landau, "Non-Steady State Modeling of Transport Controlled Plating Additives", Ext. Abs. Electrochem. Soc., 88-2, Abs. # 326

(7)

D. Roha and U. Landau, "Mass Transport of Leveling Agents in Plating: SteadyState Model for Blocking Additives", J.Electrochem. Soc., 137, 524-534 (1990)

(8)

U. Landau, "M01phology And Thickness Distribution Of Electrodeposits", Ext.
Abs. Electrochem. Soc., 86-2, Abs. # 445

(9)

H. F. Moulton, "Current Flow in Rectangular Conductors", Proc. of the London
Math. Soc., Ser. 2, 3, 104-110 (1905)

(10) .

C. Kasper, "The 111eory ofthe Potential and The Technical Practice of Electrodeposition", Transactions Electrochem. Soc., 77, 353 (1940); 77, 365 (1940); 78,
131 (1940); 78, 147 (1940); 82, 153 (1942)

(11)

R.H. RousselOt, Repartition du potentiel et· du courant dans les electrolytes,
Dunod, Paris (1959)

(12)

N. Ibl, Ch. 4 "Current Distrlbution" in Comprehensive Treatise of Electrochemistry., 6, "Electrodics: Transport", edited by E. Yeager, J. O'M. Bockris, B. E. Conway, and S. Sarangapani, Plenum Press, N.Y. (1983)

(13)

E. Mantzell, Z. Elektrochem. Ber. Deutsch. Bunsenges. 41, 10 (1935)

51
(14)

J. 0. Dukovic, Studies on Current Distribution in Electrochemical Cells, Ph.D.
Thesis, University of California, Be!Xeley, (1985)

(15)

A. Shah and J. Jome, "Mass Transfer under Bubble-Induced Convection in a Vertical Electrochemical Cell", J. Electrochem. Soc., 136, 144-153 (1989)

(16)

A. Shah and J. Jome, "Mass Transfer under Combined Gas Evolution and Forced
Convection",. J. Electrochem. Soc., 136, 153-158 (1989)

(17)

R. Alkire and P. Lu, "Effect of Hydrogen Evolution on Current Distribution during
Electrodeposition at Vertical Electrodes", J. Electrochem; Soc., 126, 2118 (1979)

(18)

R. E. Acosta, Transport Processes in High Rate Electrolysis, Ph.D.
University of California, Berkeley, (1974)

(19)

U. Landau, Distribution of Mass Transport Rates Along Parallel Plane Electrodes
In Forced Convection, Ph.D. Thesis, University of California, Be!Xeley, (1976)

(20)

W. Engelmaier, T. Kessler and R. Alkire, "Current Distribution Leveling Resulting
from Auxiliary, Bipolar Electrodes", J. Electrochem. Soc., 125, 2, 209-216 (1978)

(21)

R. C. Alkire and K.R. Hebert, "Dissolved Metal Species Mechanism for Initiation
of Crevice Corosion of Aluminum", J. Electrochem. Soc., 130, 1001 (1983)

(22)

D. W. Siitari and R. C. Alkire, "Initiation of Crevice Conusion: I. Experimental
Investigations on Aluminum and Iron", J. Electrochem. Soc., 129, 481 (1982)

(23)

R. Alkire, T. Tomasson, and K. Hebert, "The Critical Geometry for Initiation of
Crevice Corrosion", J. Electrochem. Soc., 132, 1027 (1985)

(24)

J._ M. Bisang and G. Kreysa, "Study of the effect of electrode resistance on current
density distribution in cylindrical electrochemical reactors", J. Appl. Electrochem.,

Thesis,

18, 422-430 (1988)
(25)

M. Fleischmann and Z. Ibrisagic, "Electrical measurements in bipolar trickle reactors", J. Appl. Electrochem., 10, 151-156 (1980)

(26)

C. I. Elsner and S. L. Marchiano, "The effect of electrolytically formed gas bubbles on ionic mass transfer at a plane vertical electrode", J. Appl. Electrochem.,
12, 735-742 (1982)

(27)

J.E. Harrar and I. Shain, "Electrode Potential Gradients and Cell Design in Controlled Potential Electrolysis Experiments", Analytical Chemistry, 38, 9, 1148-1158
(1966)

1

52
(28)

J.O. Nanzer and F. Coeuret. "Distribution of local mass transfer coefficients over
one electrode bombarded by submerged multijets of electrolyte", J. Appl. Electro~~
chem.,14, 627-638 (1984)

(29)

A.A. Wragg, D.J. Tagg, and M.A. Patrick, "Diffusion-controlled current distributions near cell entries and comers", J. Appl. Electrochem., 10, 43-47 (1980)

(30)

K. Hsueh and D-T. Chin, "Mass Transfer to a Cylindrical Surface from an Unsubmerged Impinging Jet", J. Electrochem. Soc., 133, 1, 75-81 (1986)

(31)

K. Hsueh and D-T. Chin, "Mass Transfer of a Submerged Jet Impinging on a
Cylindrical Surface", J. Electrochem. Soc., 133, 9, 1845-1850 (1986)

(32)

R. Alkire and A. Mirarefi, "The Current Distribution Within Tubular Electrodes
under Laminar Aow", J. Electrochem. Soc., 120, 11, 1507-1515 (1973)

(33)

Y. Awakura, A. Ebata, and Y. Kondo, "Distribution of Local Current Densities
during Copper Electrodeposition on a Plane Vertical Cathode", J. Electrochem.
Soc., 126, 23 (1979)

(34)

Y. Fukunaka, K. Suzuki, A. Ueda, andY. Kondo, "Mass-Transfer RAte on a Plane
Vertical Cathode with Hydrogen Gas Evolution", J. Electrochem. Soc., 136,
1002-1009 (1989)

(35)

R. C. Alkire and J. Ju, "The Effect of an Impinging fluid Jet on Mass Transfer and
Current Distribution in a Circular Through-Hole", J. Electrochem. Soc., 134,
1172-1180 ( 1987)

(36)

R. Alkire and J. Ju, "High Speed Selective Electroplating with Impinging TwoDimensional Slot Jet Aow", J. Electrochem. Soc., 134, 294-299 (1987)

-(37)

D. W. Dees, Mass Transfer At Gas Evolving Surfaces ln Electrolysis, Ph.D.
Thesis, University of California, Berlc.eley, (1983)

(38)

G. M. Whitney, Microscale Resolution of Interfacial Mass-Transfer Rates in Electrode Processes, Ph.D. Thesis, University of California, Berlc.eley, (1987)

(39)

C. R. Crowe and R. G. Kasper, "Ionic Current Densities in the Nearfield of a Corroding Iron-Copper Galvanic Couple", J. Electrochem. Soc., 133, 879-887 (1986)

(:W)

Y. Ishikawa and H. S. Isaacs, Brookhaven National Laboratory Report BNL 33095
(1983)

(41)

H. S. Isaacs, "Initiation of Stress Corrosion Cracking of Sensitized Type 304 Stainless Steel in Dilute Thiosulfate Solution", J. Electrochem. Soc., 135, 2180-2183
(1988)

53

(42)

J. Kronsbein, "The Use of Radioactive Isotopes for the Detennination of Current
and Metal Distribution in Electrodeposition", Proc. Am. Elec. Soc., 37, 279-288
(1950)

(43)

H. Bode and J. Euler, "Autoradiogrphische Untersuchung Der Stromverteilung Auf
Platten Von Bleiakkumulatoren-1", Electrochim. Acta, 11, 1211-1220 (1966)

(44)

H. Bode and J. E~er, "Autoradiogrphische Untersuchung Der Stromveneilung Auf
Platten Von Bleiakkumulatoren-ll", Electrochim. Acta, 11, 1221-1229 (1966)

(45)

H. Bode and J. Euler, "Autoradiogrphische Untersuchung Der Stromveneilung Auf
Platten Von Bleiakkumulatoren-III", Electrochim. Acta, 11, 1231-1234 (1966)

(46)

E. H. Hietbrink and R. F. Hill, "Radiochemistry Studies of Zinc/Nickel Oxide
Cells", J. Electrochem. Soc., 136, 310-319 (1989)

(47)

S. E. Beacom and B. J. Riley, "A Radioisotopic Study of Leveling in Bright Nickel Electroplating Baths", J. Electrochem. Soc., 106, 4, pp 309-314 (1959)

(48)

S. E. Beacom and B.J. Riley, "Further Studies of Leveling Using Radiotracer
Techniques", J. Electrochem. Soc., 107, 9, 785-787 (1960)

(49)

J. Edwards and M. J. Levett, "Radiotracer Study of Addition Agent Behaviour: ?Quinoline Methiodide and Succindinitrile and their Interaction with other Addition
Agents", Trans. lnst. Met. Finishing, 44, 27-40 (1966)

(50)

G. Horanyi, and E.M. Rizmayer, "Radiotracer study of the strong chemisorption of
methylamine in alkaline medium at a platinized platinum electrode", J. Electroanal.
Chem., 251, 403-407 (1988)

(51)

G. Horanyi,. "Radiotracer study of the adsorp_tion of ethanolamine at a platinized
platinum electrode", J. Electroanal. Chem., 272, 195-206 (1989)

(52)

G. Horanyi, and E.M. Rizmayer, "Radiotracer study of the adsorption of butylamine at a platinized platinum electrode", J. Electroanal. Chem., 264, 273-279 (1989)

(53)

L. Dunsch, G. Inzelt, G. Horanyi, and K.H. Luben, "Radiotracer evidence proving
the embedding of Cl - ions into glassy carbon electrodes", J. Electroanal. Chem.,
260, 495-499 ( 1989)

(54)

G. Horanyi and G. Inzelt, "In situ radiotracer study of the formation and behaviour
of polyaniline film electrodes using labelled aniline", J. Electroanal. Chem., 264,
259-272 (1989) .

54

(55)

G. Horanyi and G. lnzelt. "Application of radiotracer methods to the study of the
fonnation and behaviour of polymer film electrodes: Investigation of the fonnation
. and overoxfdation of labelled polyaniline films", J. Electroanal. Chem., 251, 311317 (1988)

(56)

G. Inzelt and G. Horanyi, "Combined Electrochemical and Radiotracer STudy on
the Ionic Charge Transport Coupled to Electron Transfer and Ionic Equilibria in
Electroactive Polymer Films on Electrodes", J. Electrochem. Soc., 136, 1747-1752
(1989)

(57)

M. W. Verbrugge and R. F. Hill, "Ion and Solvent Transport in Ion-Exchange
Membranes: II. A Radiotracer STudy of the Sulfuric-Acid, Nafion-117 System", J.
Electrochem. Soc., 137, 893-899 (1990)

(58)

R. D. Young and E. C. Teague, "The Measurement And Characterization of Sur. face Finish", Properties of Electrodeposits: Their Measurement -and Significance,
The Electrochemical Society,(1975)

(59)

C. N. Nanev, L. Mirkova. S. Rashkov, "The Kinetics of Levelling During Bright
Copper Plating", Surface Technology, 11, 117-127 (1980)

(60)

F.A. Achey, E.J. Serfass, "Coating Thickness Measurement by Filtered X-Ray
Fluorescence", AES Proceedings of 43rd Convention, 41-43 (1.256)

(61)

M. E. Orazem and M. G. Miller, 'The Distributionof Current and Fonnation of a
Salt Film on an Iron Disk below the Passivation Potential", J. Electrochem. Soc .•
134, 2, 392-399 (1987)

. (62)

J. Kronsbein and L.C. Morton, "Distribution of Electrodeposited Metal on Some
Simply Shaped Cathodes", Proc. Am. Elec. Soc., 36, 229-239 (1949)

(63)

0. Kardos and D. G. Foulke, "IV. Applications of Mass Transfer Theory: Electrodeposition on Small-Scale Profiles", Adv. Electrochem. Electrochem. Eng., 2,
145-233

(64)

M. Chomokova. S. Vitkova, "Microthrowing power of electrolytes for the deposition of nickel-iron alloys." J. of Appl. Elec., 16, 669-672 (1986)

(65)

E. Raub, "Research on Microthrowing Power and Leveling Of Plating Baths", Plating, 486-492 (1958)

(66)

S. A. Watson, J.E. Edwards, "An Investigation of the Mechanism Of Levelling in
Electrodeposition", Trans./nst. Met. Finishing, 34, 167-198 1957

(67)

H. Y. Cheh, "Current Distribution During the Electrodepositi9.n of Gold", J. Electrochem. Soc., 117, 5, 609-614 (1970)

55

(68)

H.H. Wan and H.Y. Cheh, "The Current Distribution on a Rotating Disk Electrode
in Potentiostatic Pulsed Electrolysis", J. Electrochem. Soc., 135, 3, 658-660 (1988)

(69)

H.H. Wan and H.Y. Cheh, "The Current Distribution on a Rotating Disk Electrode
in Galvanostatic Pulsed Electrolysis", J. Electrochem. Soc., 135, 643-650 (1988)

(70)

T. Kessler and R. Alkire, "A Model for Copper Electroplating of Multilayer Printed Wiring Boards", J. Electrochem. Soc., 123, 7, 990-999 (1976)

(71)

T. Kessler and R. Alkire, Plat. and Surf Fin., 63, 22-27 (1976)

(72)

W. Engelmaier and T. Kessler, "Investigation of Agitation Effects on Electroplated
Copper in Multilayer Board Plated-Through Holes in a Forced-Flow Plating Cell",
J. Electrochem. Soc., 125, 1, 36-43

.

(73)

G. A. Prentice, Modeling of Changing Electrode Profiles, Ph. D. Thesis, University of California, Berkeley, (1980)

(74)

B.D. Ostrow, and F. I. Nobel, "A Study of Leveling in Cyanide Copper Baths",
Proc. Am. Elec. Soc., 41, 123-129 (1954)

(75)

F.I. Nobel and B.D. Ostrow, "A Study of Leveling in Acid Copper Baths", Proc.
·Am. Elec. Soc., 41, 13<?-138 (1954)

(76)

B.D. Ostrow, and F. Nobel, "Leveling in Cyanide Copper Solutions: A Further
Study", Proc. Am. Elec. Soc., 44,_24-28 (1957)

(77)

D. J. Tidk.e and N. Ramaswamy, "A profilometric study of levelling in electroplating", J. of Appl. Elec., 14, 83-90 (1984)

(78)

R.C. Alkire and D.B. Reiser, "Electrode Shape Change During Deposition Onto An
Array of Parallel Strips", Electrochim. Acta, 28, 10, 1309-1313, (1983)

(79)

R. Sautebin, H. Froidevaux and D. Landolt, "Theoretical and Experimental Modeling of Surface Leveling in ECM under Primary Current Distribution Conditions",
J. Electrochem. Soc., 127, 1096 (1980)

(80)

R. Sautebin, D. Landolt,"Anodic Leveling Under Secondary and Tertiary Current
Distribution Conditions", J. Electrochem. Soc., 129, 946 (1982)
-

(81)

M. Matlosz and D. Landolt, "Shape Changes in Electrochemical Polishing: The
Effect of Temperature on the Anodic Leveling of Fe-24Cr", J. Electrochem. Soc ..
136, 919-929 ( 1989)

-

56 .

(82)-

D. P. Barkey, R. H. Muller and C. W. Tobias, "Roughness Development in Metal
Electrodeposition: I. Experimental Results", J. Electrochem. Soc., 136, 2199-2207
(1989)

(83)

1. C. Angus, U. Landau, S. H. Liao, and M. C. Yang, "Controlled Electroplating
Through Gelatin Films", J. Electrochem. Soc., 133, 1152-1160 (1986)

(84)

J. Horkans, L. T. Romankiw, "Pulsed Potentiostatic Deposition of Gold From
Solutions of the Au(I) Sulfite Complex", J. Electrochem. Soc., 124, 1499 (1977)

(85)

1. K.ronsbein, "Current and Metal Distribution in Electrodeposition: L Critical Review of theLiterature", Plating, 851-854, August (1950)

(86)

R. N. Fleck, D. N. Hanson and C. W. Tobias, Numerical Evaluation of Current
Distribution in Electrochemical Systems, Lawrence Radiation Lab, Berkeley, CA
(UCltL-11612), (Sept 1964)

(87)

K. Kojima, "Engineering Analysis of Electrolytic Cells: Electric Resistance
Between Electrodes", Res. Rep. F. Engg. Niigata Univ., 13, 183 (1964)

(88)

A. C. West and J. Newman, Determining Current Distributions Governed by
Laplace's Equation, Lawrence Berkeley Lab, Berkeley, CA, LBL Report 28075
Preprint ( 1990)

(89)

J. 0. Dukovic, "Computation of Current Distribution in Electrodeposition, a Review", accepted for publication in Dec 1990 issue of IBM Journal of Research and
Development, 34 (1990)

(90)

0. Lanzi and U. Landau, "Analysis of Mass Transport and Ohmic Limitations in
Through-Hole Plating", J. Electrochem. Soc., 135, 1922-1930 (1988)

(91)

0. Lanzi, U. Landau, J. D. Reid and R. T. Galasco, "Effect of Local Kinetic Variations on Through-Hole Plating", J. Electrochem. Soc., 136, 368-374 (1989)

(92)

T. Sullivan and S. Middleman, "Factors that Affect Uniformity of Plating of
Through-Holes in Printed Circuit Boards", J. Electrochem. Soc., 132, 1050 (1985)

(93)

S. Middleman, "Factors That Affect Uniformity of Plating of Through-Holes in
Printed Circuit Boards: IL Periodic FLow Reversal Through the Holes", J. Electrochem. Soc., 133, 492-496 (1986)

(94)

F. Lapicque, and A. Storck, "Modelling of a continuous parallel plate plug flow
electrochemical reactor: electrowinning of copper", J. Appl. Electrochem., 15,
925-935 (1985)

57

(95)

C. W. Tobias and· R. Wijsman, 'Theory of the Effect of Electrode Resistance on
Current Density Distribution in Electrolytic Cells", J. - Electrochem. Soc., 100,
459-467 (1953)

(96)

J. F. D'Amico, M. A. DeAngelo, and F. R. McClarnon, "Copper Electrodeposition
onto Moving High Resistance Electroless Ftlms", J. Electrochem. Soc., 132, 2330
(1985)

(97)

M. Perakh, Surf. Coat. Tech., 31 409 (1987)

(98)

J. Divisek, "Influence of current distribution on electrode potentials in bipolar water
electrolysis cells of the 'sandwich' type", J. Appl. Electrochem., 14, 663-674
(1984)

(99)

V. Yu. Filinovsky, "The Limiting Diffusion Current Value on a Macroscopically
Inhomogeneous Electrode", Electrochim. Acta, 25, p. 309-314 (1980)

(100)

J. S. Newman and W. Tiedemann, "Flow-through Porous Electrodes", Adv. In
Electrochem. Electrochem. Eng., 11, 353-438 (1978)

(101)

K. Ho and J. Jome, "Analytical Solution for Flow-Through Porous Electrode under
Linear Polarization", J. Electrochem. Soc., 133, 1394-1398 (1986)

(102)

R. V. Churchill and J. W. Brown, Complex Variables And Applications, McGrawHill, Inc., New York (1984)

(103)

P. Moon and D.E. Spencer, Field Theory Handbook, 2nd Ed., Corrected 3d Printing, Springer-Verlag, Berlin (1988)

(104)

C. Wagner, "A Contribution to the Tileory of Electropolishing", J. · Electrochem.
Soc., 101, 5, 225-228 (1954)

(105)

A.P. Koryushin, "Distribution of Current on Several Types of Profiles", Elektrokhimiya, 21, 9, 1180-1184

(106)

F. Hine, S. Yoshizawa, and S. Okada, "Effect of the Walls of Electrolytic Cells on
Current Distribution", J. Electrochem. Soc., 103, 186-193 (1956)

(107)

J. Newman, "Current Distribution on a Rotating Disk below the Limiting Curent",
-J. Electrochem. Soc., 113, 1235 (1966)

58
(108)

C. Law and J. Newman, "Corrosion of a Rotating Iron Disk in Laminar, Transition, and Fully Developed Turbulent Flow", J. Electrochem. Soc., 133, 37-42
(1986)

(109)

M. E. Orazem and M. G. Miller, "1be Distribution of Current and Formation of a
Salt Film on an Iron Disk below the Passivation Potential", J. Electrochem. Soc.,
134, 392-399 (1987)

(110)

R.L. Birlce, "Steady state concentrations and currents on ari oblate spheroid mi,croeiectrode", J> Electroanal. Chem., 274, (1989) 297-304

(111)

C. B. Diem, B. Newman, and M. E. Orazem, "1be Influence of Small Machining
Errors on the Primary Current Distribution at a Recessed Electrode", J. Electrochem. Soc., 135, 2524-2530 (1988)

(112)

R.P. Buck and T.R. Berube, '"Theta functions, transform tables, and examples for
electrochemists", J. Electroanal. Chem., 256, 239-253 (1988)

(113)

J. Newnian, "The Polarized Diffuse Double Layer", Trans. Faraday Soc., 61, 2292237 (1965)

(114)

W. H. Smyrl and J. Newman, "Double Layer Structure at the Limiting Current",
Trans. Faraday Soc., 63, 207-216 (1967)

(115)

K. Nisancioglu and J. Newman, "The Short-Time Response of a Disk Electrode",
J. Electrochem. Soc., 121, 523-527 (1974)

(116)

P. Pierini, P. Appel, and J. Newman, "Current Distribution on a Disk Electrode for
Redox Reactions", J. Electrochem. Soc., 123, 366-369 (1976)

(117)

W.H. Smyrl and 1. Newman, "Current Distribution at Electrode Edges at High
Current Densities", J. Electrochem. Soc., 136, 132 (1989)

(118)

A.C. West, and J. Newman, "Current Distribution Near an Electrode Edge as a Primary Current Distribution is Approached", J. Electrochem. Soc., 136, 2935 (1989)

(119)

R. Morris and W. Smyrl, "Current and Potential Distribution in Thin Electrolyte
Layer Galvanic Cells", J. Electrochem. Soc., 136, 3229-3236 (1989)

(120)

P. Fed.kiw, "Primary Current Distribution on a Sinusoidal Profile", J. Electrochem.
Soc., 127, 6, 1304-1308 (1980)

(121)

T.R. Nolen and P.S. Fedkiw, "The transient diffusion-limited current to a
sinusoidal wall--Extension of the Cottrell equation", J. Electroanal. Chern., 258
265-280 (1989)
'

59
(122)

J. M. Fitz-Gerald, and J. A. McGeough, "Mathematical Theory of Electrochemical
Machining: 1. Anodic Smoothing", J. lnst. Maths. Applies., 5, 387-408, (1969)

(123)

J. M. Fitz-Gerald, J. A. McGeough, and L.. MeL. Marsh, "Mathematical Theory of
Electrochemical Machining: 2. Anodic Shaping", J. lnst. Maths. Applies., 5, 409421, (1969)

(124)

P. Forsyth, Jr., and H. Rasmussen, "High order perturbation solution of the electrochemical smoothing problem", J. Comp. Appl. Math., 6, 1, 37-42, (1980)

(125)

C. W. Tobias, Chem. Eng. 176 Lecture Notes, University of California, Dept. of
Chern. Eng., Fall 1985

(126)

G.F. Kinney, and J.V. Festa, "Current Density Distribution in Electroplating By
Use of Models", Proc. Am. Elec. Soc., 41, 66-70 (1954)

(127)

R.H. Rousselot, In: Proceedings of the Int. Conference on Protection against Corrosion by Metal Finishing, Basel, 1966, 39, Forster Verlag, Zurich (1966)

(128)

R.H. Rousselot, lngenieurs Automobile 33 Oct (1960)

(129)

R.H. Rousselot, J. Rech. CNRS 41, 141 (1959)

(130)

S.W. Feldberg, "Digital Simulation: a General Method for Solving-Electrochemical
Diffusion-Kinetic Problems", Electroanalytical Chemistry, 3, 199-296

(131)

W.J. Karplus and W.W. Saroka, Analog Methods, McGraw-Hill, New York, (1959)

(132)

C.P. Gilbert. The Design and Use of Electronic Analog Computers, Chapman and
Hall, London, (1964)

(133)

J. Euler and W. Nonnenmacher, "Stromverteilung in Porosen Elektroden", Electrochim. Acta, 2, 268-286 ( 1960)

(134)

R.Sh. Nigmatullin, Do/d. Akad. Nauk SSSR, 151, 6, 1383 (1963)

(135)

K. Holub and L. Nemec, J. Electroanal. Chem., 11, 4 (1966)

(136)

G. Liebmann, Trans. ASME, 18, 655 (1956)

(137)

H. S. Burney and R. E. White, "Predicting Shunt Current in Stacks of Bipolar
Plate Cells with Conducting Manifolds", J. Electrochem. Soc., 135, 1609-1612
(1988)

60

(138)

Y. Miyazaki, A. Katagiri, and S. Yoshizawa. "Simulation and optimization of a
packed bipolar cell by means of a combination of conducting paper and an electric
model circuit". J. Appl. Electrochem., 17, 113-122 (1987)

(139)

Y. Miyazaki, A. Katagiri, and S. Yoshizawa. "Simulation of a packed bipolar cell
involving cathodic limiting current and anodic Tafel behavior", J. Appl. Electrochem., 17, 877~880 (1987)

(140)

G. A. Prentice and C. W. Tobias, "A Survey of Numerical Methods and Solutions
for Current Distribution Problems", J. Electrochem. Soc., 129, 1, 72-78

(141)

N.G. Zamani~ J.F. Porter, A.A. Mufti, "A Survey of Computational Efforts in The
Field of Corrosion Engineering", Int. "!. For Numerical Methods in Eng., 23,
1295-1311 (1986)

(142)

R. Alkire and A. Mirareti, "Current Distribution in a Tubular Electrode under Laminar Row: One Electrode Reaction", J. Electrochem. Soc., 124, 1043 (1977)

(143)

M. Ben-Porat, J. Yahalom, and E. Rubin, "Current Distribution during Electroplating Within a Tubular Electrode of High Ohmic Resistance", J. Electrochem. Soc.,
130, 3, 559~561 (1983)
.

(144)

A. M. Pesco and H. Y. Cheh, ''The Current Distribution within Plated ThroughHoles: I. The Effect of Electrolyte Row Restriction during DC Electrolysis", J.
Electrochem. Soc., 136, 399-407 (1989)

(146)

P. S. Fedkiw, D. R. Brouns, J. Electrochem. Soc., 135, 346 (1988)

(145)

A. M. Pesco and H. Y. Cheh, ''The Current Distribution within Plated ThroughHoles: II. The Effect of Periodic Electrolysis", J. Electrochem. Soc., 136, 408-414
(1989)

(147)

W.R. Parrish and J. Newman, "Current Distributions on Plane, Parallel Electrodes
in Channel Row", J. Electrochem. Soc., 117, J, 43-48 (1970)

(148)

V. Edwards and J. Newman, "Design of Thin•Gap Channel Flow Cells", . J. Electrochem. Soc., 134, 1181-1186 (1987)

(149)

P. Pierini and J. Newman, "Potential Distribution for Disk Electrodes in.Axisymmetric Cylindrical Cells", J. Electrochem. Soc., 126, 1348 (1979)

61

(150)

D. R Baker and M. W. Verbrugge, "An Integral-Transform Formulation for the
Reaction Distribution on a Stationary-Disk Electrode Below the Limiting Current",
J. Electrochem. Soc., 137, 1832-1842 (1990)

(151)

A. M. Pesco and H. Y. Cheh, "Current and Composition Distributions during the
Deposition of Tin-Lead Alloys on a Rotating Disk Electrode", J. Electrochem.
Soc., 135, 7, 1722-1726 (1988)

(152)

J. Newman, Electrochemical Systems, Appendix C, "Numerical Solution of Coupled, Ordinary Differential Equations~·. Prentice-Hall, Inc., Englewood Cliffs, N.J.
(1973)

(153)

D. ·A. Curtis, T. L Evans, and R. E. White, "A Comparison of Newman's-Numerical Technique and deBoor's Algorithm", J. Electrochem. Soc., 136, 3392-3393
(1989)

(154)

P. S. Fedkiw and M. A. Bogard, "A Numerical Procedure Useful for CurrentDistribution Calculations· on BiPolar Electrodes", J. Electrochem. Soc., 135, 7,
1726-1728 ( 1988)

(155)

D. Shoup and A. Szabo, "Hopscotch: An Algorithm for the Numerical Solution of
Electrochemical Problems", J. Electroanal. Chem., 160, 1 (1984)

(156)

I. Ruzic, "Comments on the Paper 'Hopscotch: An Algorithm for the Numerical
Solution of Electrochemical Problems' By Shoup and Szabo", J. Electroanal.
Chem:, 199, 431-435 (1986)

(157)

D. Shoup and A. Szabo, "Explicit, Hopscotch and Implicit Finite-Difference Algorithms For The Cottrell Problem: Exact Analytical Results", J. Electroanal. Chem.,
199, 437-441 (1986)

(158)

S. W. Feldberg, "Propagational Inadequacy of the Hopscotch Finite Difference Algorithm: The Enhancement of Performance 'When Used With An Exponentially Expanding Grid For Simulation Of Electrochemical Diffusion Problems", J. Electroanal. Chem., 222, 101-106 (1987)

(159)

S. W. Feldberg, "Optimization of Explicit Finite-Difference Simulation of Electrochemical Phenomena Utilizing An Exponentially Expanded Space Grid", J. Electroanal. Chem, 127 1-10 (1981)

(160)

D. Britz, J. Heinze, J. Mortensen and M. Storzbach, "Implicit Calculation of Boundary Values In Digital Simulation Applied To Several types Of Electrochemical
Experiments", J. Electroanal. Chem., 240, 27-43 (1988)

(161)

D. Britz, "Electrochemical Digital Simulation By Runge-Kutta Integration", J. Electroanal. Chem., 240, 17-26 (1988)

62
(162)

J.A. Klingert, S. Lynn, and C.W. Tobias, "Evaluation of Current Distribution in
Electrode Systems by High-Speed Digital Computers", Electrochim. Acta, 9, 297311 (1964)

(163)

R. Alkire, P.K. Ng, "Two-Dimensional Current Distribution Within a Packed-Bed
Electrochemical Aow Reactor", J. Electrochem. Soc., 121, 95-103 (1974)

(164)

C. W. McFarland, "The Finite Difference Method of Modeling Potential and
Current Distributions in Electroplating Cells", E.C.S. Proc. 83-12 (Electroplating
Engineering and WasteRecycle: New Developments and Trends), 233-251- (1983)

(165) -

G.A. Prentice and P.J. Sides, "The Effect of Electrode Shape on the Voltage of
Hall/Herault Cells--1. Carb_9.P-Anodes1Wetted Cathodes", Electrochim. Acta, 33, 7,
873-879 (1988)

(166)

P. J. Sides, and G.A. Prentice, ''The Effect of Electrode Shape on the Cell Voltage
of Hall Cells--11. Inert Anodes", Electrochim. Acta, 33, 1043-1046 (1988)

(167)

R.F. Savinell and G.G. Chase, "Analysis of primary and secondary current distributions in a wedge-type alummum-ait cell", J. Appl. Electrochem., 18, 499-503
(1988)

(168)

L.E. Vaalar, E.W. Brooman, and H.A. Fuggiti, "Computerized design and evaluation of improved electrodes for lead-acid batteries", J. Appl. Electrochem., 12,
721-734 (1982)

(169)

T. V. Nguyen, C. W. Walton, R. E. White, and J. VanZee, "Parallel-Plate Electrochemical Reactor Model: A Method for Detennining the Time-Dependent Behavior
and the Effects of Axial Diffusion and Axial Migration", J. Electrochem. Soc., 133,
81-87 (1986)

(170)

A. Katagiri, and Y; Miyazaki, "A numetjcal method of calculating secondary
current distributions in electrochemical cells", J. Appl. Electrochem., 19, 281-286
(1989)

(171)

M.S. Friedrichs, R.A. Friesner, and A.J. Bard, "A new approach to electrochemical
simulations based on eigenvector-eigenvalue solutions of the diffusion equations:
Part I. Potentiostatic boundary conditions", J. Electroanal. Chem:, 258, 243-264
(1989)

(172)

M. M. Menon and U. Landau, "Modeling of Electrochemical Cells Including
Diffusion, Migration, and Unsteady-State Effects", J. Electrochem. Soc., 134,
2248-2253 (1987)

'~

63
(173)

M. M. Menon and U. Landau, "Modelling of Cells with Multiple Electrode ~eac
tions: Thickness and Composition Variations in Alloy Plating", J. Electrochem.
Soc., 137, 445-451 (1990)
·

(174)

E. K. Yung and L. T. Romankiw, "Fundamental Study of Acid Copper ThroughHole Electroplating Process", J. Electrochem. Soc., 136, 3, 756-767 (1989)

(175)

J.B. Riggs, R.H. Muller, and C.W. Tobias, ".Prediction of Work Piece Geometry in
Electrochemical Cavity Sinking", Electrochim. Acta, 21, 8, 961-969, (1981)

(176)

G.A. Prentice and C.W. Tobias, "Deposition and Dissolution on Sinusoidal Electrodes", J. Electrochem. Soc., 129, 2, 316-324 (1982)

(177)

G. A. Prentice and C. W. Tobias, "Simulation of Changing Electrode Profiles", J.
Electrochem. Soc., 129, 1, 78-85 (1982)

(178)

G.A. Prentice and C.W. Tobias, "Finite Difference Calculation of Current Distributions at Polarized Electrodes", AIChE J., 28, 3, 486-492 (1982)

(179)

W. M. Lynes and U. Landau, "A Novel Adaptation of the Finite Difference
Method for Accurate Description of Non-Orthogonal Boundaries", Abstract 332 of
ECS Mtg 88-2

(180)

C. A. J. Fletcher, Computational Galerkin Methods, Springer-Verlag, New York,
(1984)

(181)

P. Urban and B. Speiser, "Electroanalytical Investigations: Part VIII. The Use Of
Ali Expanding Simulation Space in the Simulation of Electrochemical ReactionDiffusion Models With Orthogonal Collocation", J. Electroanai. Chem., 241, 1731 (1988)

(182)

R. Caban and T. W. Chapman, "Rapid Computation of Current Distribution by
Orthogonal Collocation", J. Electrochem. Soc, 123, 7, 1036-1041 (1976)

(183)

S. Yen and T. W. Chapman, "Current Distribution on a Rotating Disk Electrode",
J. Electrochem. Soc., 134, 1964-1972 (1987)

(184)

J. Lee and J. R. Selman, "Effects of Separator and Terminal on the Current Distribution in Parallel-Plate Electrochemical Aow Reactors", J. Elec. Soc., 129, 8,
1670-1678 (1982)

(185)

R. S. Parikh and K. C. Liddel, "Orthogonal Collocation Simulation of the Rotating
Ring Disk Electrode", J. Eiectrochem. Soc., 135, 1703-1709 (1988)

ti

.

64

(186)

R S. Parikh and K. C. Liddell, "Orthogonal Collocation Simulation of the Rotating
Ring Disk Electrode: Mass Transfer with Homogenous Reaction", J. Electrochem.
Soc., 136, 679-688 (1989)

(187)

L. F. Whiting and P. W. Carr, "A. Simple, Fast Numerical Method For The Solution of a Wide Variety of E1ectrochemical Diffusion Problems", J. Electroanal.
Chern., 81, 1-20 (1977)

(188)

S.H. Glarum, "Variational Approximations to Current Distribution Problems: I. The
Rotating Disk Electrode", J. Electrochem. Soc., 124, 518 (1977)

(189)

S.H. Glarum, "Variational Approxiiriations to Current Distribution Problems: II.
Rectilinear Electrodes and Baffles", J. Electrochem. Soc., 125, 1, 84-89 ( 1978)

(190)

D.S. Burnett, Finite Element Analysis, Addison Wesley Publishing Company,
Reading, Massachusetts, AT&T Bell Laboratories, (1987)

(191)

R Alkire, T. Bergh and R. L. Sani. "Predicting Electrode Shape Otange with Use
of Finite Element Methods", J. Electrochem. Soc., 125, 12, 1981-1978 (1978)

(192)

A.P. Peskin, The Use of The Finite Element Method To Study Electrochemical
Moving Boundary Problems, Ph. D. Thesis, University of Colorado at Boulder,
(1985)

(193)

C. Oerc and D. Landolt, "On the Theory of Anodic Levelling: Behavior of
Macroprofiles", Electrochim. Acta, 32, 10, 1435-1441 (1987)

(194)

C. Oerc and D. Landolt, "On the Theory of Anodic Levelling: FEM Simulation of
the Influence of Profile Shape and Cell Geometry", Electrochim. Acta, 129, 6,
787-796 (1984)

(195)

C. Oerc and D. Landolt, "Anodic levelling of model profiles with pulsating
current", J. Appl. Electrochem., 17, 1144-1149 (1987)

(196)

M. Matlosz, C. Creton, C. Oerc, and D. Landolt, "Secondary Current Distribution
in a Hull Cell", J. Electrochem. Soc., l34, 12, 3015-3021 (1987)

(197)

Y. Nishiki, K.Aoki, K; Tokuda, and H. Matsuda, "Primary current distribution in a
two-dimensional model cell composed of an electrode with an open pan", J. of
Appl. Elec.,14, 653-661 (1984)

(198)

Y. Nishiki, K.Aoki, K. Tokuda, and H. Matsuda, "Secondary current distribution in
a two-dimensional model cell composed of an electrode with an open pan", J. of
Appl. Elec.,16, 291-303 (1986)

65
(199)

Y. Nishiki, K. Aoki, K. Tokuda, and H. Matsuda, "Current distribution in a twodimensional narrow gap cell composed of a gas evolving electrode with an open
part", J. Appl. Electrochem., 17, 67-76 (1987)

(200)

K. Aoki and Y. Nishiki, "Computation of primary current distribution and cell
resistance at model electrodes with circular perforations", J. Appl. Electrochem.,
19, 183-187 (1989)
.

(201)

K. Tokuda, T. Gueshi, K. Aoki, H. Matsuda, "Finite-Element Method Approach to
the Problem of_ the IR-Potential Drop and Overpotential Measurements by Means
of a Luggin-Haber Capillary", J. Electrochem. Soc., 132, 2390 (1985)

(202)

M. Penczek and Z. Stojek, "Current Distribution at a Submicrodisc Electrode", J.
Electroanal. Chem., 227, 271-274 (1987)

(203)

S. Chiu and J.R. Selman, "Secondary Current Distribution and Propagation of A.
Wavy Electrode: Two-Dimensional Model", Ext. Abs. Electrochem. Soc., 88-2,
Abs. # 328

(204)

S. Chiu, Corrosion and ·Electrodeposition of Zinc in Flowing Acidic Solutions of
Zinc Bromide, Ph.D. Thesis, Illinois Institute of Technology, Chicago, (1988)

(205)

M. Simek, and I. Rousar, "Calculation of the current density distribution in an
amalgam electrolyser by the finite element method", J. Appl. Electrochem., 18,
96-103 (1988)

(206)

R. Morris and W. Smyrl, "Galvanic Interactions on Random Heterogeneous Surfaces", J. Electrochem. Soc., 136, 3237-3248 (1989)

(207)

A. Kassimati and W. H. Smyrl, "Galvanic Corrosion of "Sandwich" Structures", J.
Electrochem. Soc., 136, 2158-2167 (1989)

(208)

C.A. Brebbia, The Boundary Element Method For Engineers, J. Wiley & Sons,
N.Y. (1978)

(209)

C.A. Brebbia and S. Walker, Boundary Element Techniques in Engineering,
Newnes-Bunerworths, London ( 1980)

(210)

L. Blue, "Boundary Integral Solutions of Laplace's Equation", The Bell System
Technical J., 51, 8, 2797-2822 (1978)

(211)

J.L. Blue, "Efficient Calculation of Current Flow in Electroplating Cells", The Bell
System Technical J., 59, 169 (1980)

66
(212)

F. Yoshikawa, and M. Tanaka, "Boundary Elements in Axisymmetric Potential
Problems", 101-111 in Boundary Element Methods in Engineering, Proceedings
of the Fourth Int. Seminar, Southampton, England, September 1982, Ed. C.A.
Brebbia, Springer-Verlag Berlin (1982)

(213)

L.C. Wrobel and C.A. Brebbia, "Axisymmetric Potential Problems", 77-89 in New
Developments in Boundary Element Methods, Proceedings of the Second Int. Seminar on Recent Advances in Boundary Element Methods, held at the University of
Southampton, published by CML Publications (1980).

(214)

G.T. Symm, Ch. 5. "Potential Problems in Two Dimensions", in Boundary Element
Techniques in Computer-Aided Engineering, ed. C. A. Brebbia, Maninus Nijhoff
Publishers, Dordrecht (1984)

(215)

P.K. Banerjee, and R. Butterfield, Boundary Element Methods in Engineering and
Science, McGraw-Hill (U.K.) London (1981)

(216)

J. Deconinck, Current Distributions and Electrode Shape Changes in Electrochemical Systems: a bowidary element approach, Ph.D. Thesis, Vrije Universiteit
Brussel, Faculteit Toegepaste Wetenschappen (1985)

(217)

J. Deconinck, G. Maggetto, J. Vereecken, "Calculation of Current Distribution and
Electrode Shape Change by the Boundary Element Method", J. Electrochem. Soc.,
132, 12, 2960-2965 (1985)
-

(218)

K. Aoki, ''Theory of the steady-state current of a redox couple at interdigitated array electrodes of which pairs are insulated electrically by steps",. J. Elt;ctroanal.
Chern., 270, 34-41 (1989)

(219)

B.D. Cahan, D. Scherson, and M.A. Reid, "1-BIEM. An Iterative Boundary Integral Equation Method for Computer Solutions of Current Distribution Problems
with Complex Boundaries-A New Algorithm. I. Theoretical", J. · Electrochem.
Soc., 135, 2, 285-293 (1988)

(220)

E.C. Hume III, W.M. Deen, and R.A. Brown, "Mass Transfer Analysis of Electrodeposition Through Polymeric Masks", J. Electrochem. Soc., 131, 6, 1251-1258
(1984)

(221)

J. Dukovic, and C. W. Tobias, ''The Influence of Attached Bubbles on Potential
Drop and Current Distribution at Gas-Evolving Electrodes", J. Electrochem. Soc.,
134, 2, 331-343 (1987)

(222)

N. G. Zamani, J. M. Chuang, and J. F. Porter, "BEM Simulation of Cathodic Protection Systems Employed in Infinite Electrolytes", Int. J. For Numerical Methods
in Engineering, 24, 605-620 (1987)

67

s,

(223)

Mehdizadeh, J. Dukovic, P. C. Andricacos, L. T. Romankiw, and H. Y. Cheh,
"Optimization of Electrodeposit Unifonnity by the Use of Auxiliary Electrodes",
Ext. Abs. Electrochem. Soc., 88-2, Abs. # 331

(224)

S. Mehdizadeh, J. Dukovic, P. C. Andricacos, L. T. Romankiw, and H. Y. Cheh,
"Optimization of Electrodeposit Unifonnity by the Use of Auxiliary Electrodes", J.
Electrochem. Soc., 137, J, 102-110 (1990)

(225)

Shih and Pickering, 'Three-Dimensional Modeling of the Potential and Current
Distributions in an Electrolytic Cell", J. Electrochem. Soc., 134, 3, 551-558 (1987)

(226)

R. Hirschel, "Solving differential equations by the relaxation method", Chemical
Engineering, 93-94 (1985)

(227)

U. Landau, R.T. Galasco, and J. Tang, "Current Distribution in Pattern Plating of
Nonunifonnly Placed And Isolated Lines", Ext. Abs. Electrochem. Soc., 88-2, Abs.
# 330

(228)

E.C. Dimpault-Darcy and R.E. White, "Secondary Current Distributions Using
TOPAZ2D and Linear Kinetics", J. Electrochem. Soc., 135, 3, 656-658 (1988)

(229)

R. E. White, F. Jagush and H. S. Burney, "Three-Dimensional Current Distributions in a Bipolar Chlor-Alkali Membrane Cell", J. Electrochem. Soc., 137, 18461848 (1990)

(230)

F. A. Jagush, R. E. White and W. E. Ryan, "Predicted Secondary Current Distributions for Linear Kinetics in a Modified Three-Dimensional Hull Cell", J. Electrochem. Soc., 137, 1848-1851 (1990)

(231)

P. Cicognani, F. Gasparoni, B. Mazza and T. Pastore, "Application of the
Boundary-Element Method to Offshore Cathodic Protection Modeling", J. Electrochem. Soc., 137, 6, 1689-1695 (1990)

(232)

R. Strommen, W. Keirn, J. Finnegan, and P. Mehdizadeh, Materials Performance,
23-281 (1987)

.

'

68

CHAPfER II
SIMULATION OF THE ROLE OF CONVECTION·
IN ELECTRODEPOSITION INTO MICROSCOPIC TRENCHES

Abstract

The effect on mass transport of Couette and Poiseuille flows passing by a microscopic
angular notch is calculated using the finite element method. Recirculation regions are characterized as a function of Reynolds number, notch angle, and depth. . The increase in transport
rates caused by convective eddies is assessed relative to the pure diffusion case, for boundary
layer thicknesses equal to, or one ninth as large as the notch depth. Secondary flows are
shown to noticeably enhance transport into microscopic trenches at high Peclet numbers, i.e.
at very high flow velocities.

A. Introduction

Convection has an important role in mass transport to the surface of an electrode.
Even though transport of the major constituent (e.g. the depositing metal ion) may not be rate
controlling, because electrochemical processes are typically conducted far below the limiting
current, transport of additives (e.g. inhibitors used to control the deposit morphology) is of
significance, because inhibitors are generally present at very low concentrations are usually
consumed or incorporated into the deposit at the transport limited rate. Consequently, it is
important to consider the question: under what conditions will the delivery of inhibitors into
the depth of trenches be enhanced by secondary flows or movement OJ the electrolyte within

69
the trenches? If such a movement contributes significantly, the levelling action of the addi-

tive will be diminished as suggested by Dukovic and Tobias (1).
In the case of transport to microprofiles in electrochemical systems, there are two

apparently conflicting views expressed in the literature concerning the importance of convective secondary flows. On the one hand, it is argued that microscopic convective regions near
a microprofile have a negligible effect, and the region can be analyzed as if it were stagnant.
For example, measuring the limiting current to the surface of a rough rotating disk, Andricacos, Cheh and Linford (2), found no difference between limiting currents to disks with and
without microscopic grooves. On the other hand, it is reasoned that because the Schmidt
number, Sc, for electrochemical systems is on the order of 1000, the role of convection must
be greater than that of diffusion when the Reynolds number is larger than 0.001. This view
is supported by the results of model studies by Alkire, Reiser and Sani (3), who simulated
the removal of corrosion products from a hemicylindrical groove, and found that the convective regions within the pit dominated the mass transport.
In the following, the hydrodynamics of transverse shear flows (including the effects of

inertial terms) past microscopic angular trenches are examined; and, the influence of hydrodynamics on mass transport to these trenches are investigated and the conditions under which
the recirculation regions near a microprofile may be considered to have a negligible effect on
mass transport.

B. Hydrodynamics

A number of investigators have scrutinized the flow

w~thin

various cavities. 0. Burg-

graf (4) analytically and numerically modelled the structure of steady flows in square
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channels. Pan and Acrivos (5) have numerically simulated and experimentally examined the
steady flows in rectangular channels. The driving force for the systems studied by Burggraaf
and by Pan and Acrivos was a plate (the upper side of the channel) moving at a constant
velocity. Liu and Joseph (6) have considered Stokes flow in angular trough with a free sur-

-

face at the top. A temperature gradient across the trough created a density difference driving
the flows within it Although significant recircUlation was found for both the rectangular
channel and the angular trough, the forces driving these flows are not similarto those occurring under typical metal deposition conditions. Higdon (7) has numerically solved for the
hydrodynamics of Stokes flow past angular trenches, rectangular channels, and semi-circular
grooves, as well as for flow over circular and rectangular bumps. A shear gradient far from
the notch drives the flows within it. This force appears identical to those driving the micros- ·
copic flows encountered during levelling. However, Higdon neglected the effects of inertial
tenns in his solution; these may be important for a real fluid. Later, Higdon (8) found that
an adverse pressure gradient (i.e. a pressure gradient in the direction opposite to the flow)
could eliminate the recirculation in semi-circular cavities.

1. Mathematical Problem Definition

(a)- Dimensionless Groups

Important to the characterization of the geometry shown in Figure 11-1 is the notch
angle, 9. Since there is not really a characteristic velocity for this problem, it 'f'as obtained
from the shear rate at the wall,

~ j x = oo multiplied by the characteristic length, the notch

depth, d. Thus the Reynolds number for this model is, (as previously identified by Alkire et
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al (3))

I

dV
d2 p
dyx=oo

Re=-----J.I.

[Il-l]

(b) Equations & Boundary Conditions

The full Navier-Stokes equations were solved over the domain of interest. with the
following boundary conditions. At the electrode surface, side 1 in Figure 11-1, the no slip
condition was imposed,
[II-2a]

v, = 0

[II-2b]

where v is the velocity, and the subscripts n and t represent, respectively, the nonnal and
tangent directions to the surface. Instead of imposing a velocity profile for_ the outflow along
side 2, the velocity in the tangent direction was set to zero,

v, =0

[II-3a]

and the force in the nonnal direction was also set to zero,
[II-3b]

If LM, the length of the mesh used to solve the problem, is too small, the nonnal velocity
component at the outflow will not vary in a manner identical to the inflow, indicating that

..

artifacts have been introduced by the numerical method. Thus, the outflow velocity profile is
examined to ensure that LM is long enough to avoid the introduction of the aforementioned
numerical artifacts.
In the case of a shear flow, the upper surface, side 3, was assumed to move at a con-

stant velocity, V1op• consistent with the choice of-Reynolds number,
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vt

=

[II-4a]

vtop

v.. = 0

[II-4b]

A linear velocity profile consistent with the choice of Reynolds number was set for the inflow
along side 4,

v.. =Vtop _]_
10 d
vt

[II-5a]

=0

[ll-5b]

In the case of a parabolic flow, the upper surface, side 3, was assumed to 'be a plane

of symmetry,

v,. =0

[ll-4a']

Ft = 0

[II-4b']

A parabolic velocity profile consistent with the choice of Reynolds number was chosen for
the inflow along side 4,

v

..

= vtop

_1_[2 -_]_]
10 d
vt

=0

10 d

[ll-5a']
[II-5b']

(c) Cases Studied

The cases studied are summarized in Table 11-1. Three series of runs were made.
First, the validity of the Reynolds number was checked by keeping the Reynolds number and
notch angle constant. varying the fluid properties and boundary conditions, and comparing the
predicted streamlines. Second, the strength of the recirculation as a function of shear rate
was investigated by varying the Reynolds number from 1000 to 0.001 for a notch angle of 90
degrees .. Third, the effect of the notch angle on the recirculation was explored by varying the
angle from 45 degrees to 135 degrees.
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It is important to comment here on the range over which these calculations are
expected to be valid. In particular, the results are only legitimate for bulk flows which are
laminar. Whether the bulk flow is laminar may be detennined by the Reynqlds number;
Rebuilt, which is related to the Reynolds number for the notch by,
Re
For microscopic

notches~

=Re bulk

d 2 (dv /dy )ly=surface
D <v>

_ _ _ _..::..__ _

[11-6]

Re will be very small because of the dependence on the square of

the notch. depth, d. Consequently, the results for high Re will only apply to grooves of
macroscopic dimensions.

2. Solution Procedure

For all cases, the Navier-Stokes equations were solved numerically by POL YFLOW 1,
a.finite-element program. A maximum of 10 iterations were allowed, with a convergence
tolerance of

w-s.

In the very high Re cases, zero order continu,ation 2 had to be used to con-

verge on a solution. The mesh used to solve the problem is shown in Figure II-2a. While in
Figure II-2b, a close-up view of the mesh near the notch is shown. For all cases, both a

1

POLYFLOW, a commercial program for simulating the flow of' fluids, is available
from Unite de Mecanique Appliquee, Universite Catholique De Louvain, Batiment Stevin 2,
Place Du Levant, B-1348 Louvain-La-Neuve Belgium
2

For large values of Re, the finite-element-method will only converge on a solution
when the initial "guess" is close to the solution. To obtain good-guesses, it is common to
use continuation. In zero order continuation, the solution for a small value of :Re is used as
the initial guess for a large values of Re. In higher order continuation schemes, the derivatives of the solution with respect to Re are used in a Taylor series approximation to modify
the initial guess.
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Table 11-1. Swnmary of Flow and Geometry
Conditions Studied

Case

Equivalent
Notch Depth

Reynolds
Nwnber

(em)

10

1
1
1 '
1

90
90
90
90

8

1000
100
10
1
0.1
0.01
0.001
0

90
90
90
90
90
90
90
90

20
21
22
23

1
1
1
1

45
60
120
135

11

12
13
1
2
3
4
5
6
7

0.1
0.01
0.001
0.0001

Notch Angle
(degrees)

f--
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linear and a parabolic velocity profile were considered.

3. Results

In all cases studied, LM was large enough for the outflow to be fully developed. The

mesh was increased to twice its original density in the notch, but the streamlines did n<?t
change. Furthermore, no difference in the flow in the vicinity of the notch was obsetved for
either linear or parabolic velocity profiles; hence, only the results for linear velocity profiles
are shown. Comparison of the streamlines for the same Reynolds number at various notch
depths indicate that the Reynolds number is indeed the correct one.
The streamlines for cases 1, 4, 20 and 23 are shown in Figure 11-3. For a notch depth
of 10 J.Uil, the flow rate between solid streamlines is 10 J.1II1 2/s., The free stream velocity may
be determined from,
V;0 p = 10 d (dv ldy) L~ =in/. y = swrface

v _
top -

10 Re JJ.
dp

[II-7]
[II-8]

So for water flowing by a 10 J.1IIl groove, the upper surface would be moving at 100 cm/s for
Re= 1, while for a 100 J.1IIl groove, the velocity would be 10 cm/s. For case 1, the flow
between dashed streamlines is 0.02 J.UI1 2/s; for case 4, 0.002 J.UI1 2/s; and for case 20, 0.004
J.UI1 2/s. There are several obsetvations that can be made.
/

Consider the effect of notch angle. At an angle of 135 degrees, there is no recirculation region. As the angle decreases past a critical value, a recirculation region appears, as
first predicted by Moffat (9), and later also obsetved for Stokes flow by Higdon (7). Such
regions were observed in our calculations for notch angles of 120, 90, 60 and 45 degrees.
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Figure 11-3. Streamlines near an angular trench
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Also, as the angle is decreased, the center of the recirculation pattern moves up from the bottom of the ootch, and the strength of the recirculation increases.
Next, consider the effect Re. Notice that in Figure 11-3 (case 1), for Re=lOOO, the
zero streamline stays at approximately the same height as the surface on either side of the
notch. Also the center of the recirculation region is not in the ootch center, but is off to the
right; the recirculation is asymmetric. Funhennore, note that the recirculation strength
(0.02J.UI1 2/s between dashed streamlines) is relatively weak in comparisOn to the shear flow
.

'

above it (10J.UI1 2/s between solid~streamlines). Last, observe the zero streamline in the bottom of the ootch. Although the flows are not strong enough in this example to be resolved
by the POLYFLOW program, Liu & Joseph (6) have predicted an· infinite number of recirculation regions in the comer of the notch. The zero streamline in the notch bottom might
represent the border between the strongest recirculation shown in the figure, and the next
most strongest recirculation.
For Re !::;100, the recirculation region remains in the notch center, and the zero streamline dips down slightly into the ootch. For Re=lOO, the zero streamline is asymmetric, but
for lower Reynolds number the streamlines are completely symmetric. Moreover, the streamlines for low Re appear identical to the Re=l case, hence only the results for Re=l are
presented.
As the Reynolds number decreases, the zero streamline dips further down into the
trench, the strength of the recirculation becomes slightly weaker, and the zero streamline
becomes symmetrical. For

Re~l.

there seems to be no significant change in the streamlines.
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4. Discussion

There are weak recirculation regions for plane shear flows past angular, rectangular,
and hemicylindrical cavities; there is also another effect, the motion of fluid into the notch.
As previously observed by others, there is a critical notch angle above which there is no
recirculation region. Also, for high Re, the recirculation region is asymmetric, while for low
Re, the flow pauem is very symmetric.
It appears that viscous forces are important for bringing the flow into the notch, as
indicated in Figure 11-3, while inertial forces are important for causing the recirculation.
Because there are recirculation regions, we might

expe~t

them to have an impact on transport

to the bottom of the trench. On the other hand, because the recirculation regions are very
weak, we might expect the recirculation regions to act only as a diffusion barrier. In the next
section, the results for the flow problem are used to evaluate the role of recirculation regions
on mass transport into an angular trench.

C. Effects of Flow on Transport

Several investigators have researched the effects on transpo_rt of flow past various
types of notches. A review of the literature in this· area prior to 1966 is given by Chilcott
(10). Later, Townes & Sabersky (11), as well as Reiman & Sabersky (12) measured the
increase in heat transfer caused by flow over a rectangular channel, while Jarrett & Sweeney
(13) evaluated mass transfer in rectangular channels. In the experimental work of both
Townes & Sabersky (11) and Jarret & Sweeney, the bulk flow was turbulent; however, the
secondary flow within the trenches was clearly laminar. On the other hand, both the bulk
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flow and the secondary flow were laminar in the experiments of Reiman & Sabersky (12).
More recent work has focused on transport to surfaces with a limited active area. In
particular, Alkire, et al (3) calculated the effect of fluid flow on the removal of dissolution
products from small round grooves; Evans (14) later applied Alkire et al's work to compute
the rate of arrival of deposition reactants. In a more recent work, Alkire, Deligianni and Ju
(15), extended the model to account for mass transport from a rectangular notch. Shin &
Economou (16), and later, Alkire & Deligianni (17), computed the effects of microscopic
flows on etching under photoresist masks during semiconductor processing. The work of the
previous investigators demonstrates the important effect of secondary flows when only the
·surface adjacent to the recirculation region is active. However, none have directly addressed
the question discussed in the following, under what conditions will secondary flows contri-

bute significa'!_tly

to__th~

transport of chemical species to the depth of trenches when the entire

surface is active.

1. Mathematical- Problem Definition

To assess the influence on mass transport of recirculation regions within a notch, transport of a chemical species to the electrode surface with and without convection will be compared.
The angular notch geometry will be used, shown -in Figure II-4. Convective transport
in the bulk solution detennines the mass transport boundary layer thickness_..

o.

The thickness

might or might not vary with position. For example, during channel flow past a flat plate,
the boundary layer grows with the distance downstream from the leading edge. On the other
hand, during transport to a rotating disk, the boundary layer thickness is constant as a
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function of radial position. The notch shall be considered to have a negligible effect on this
thickness; here, locating the mass transfer boundary layer is not as interesting as assessing the
importance of recirculation regions as they affect mass transport.
The solution side of the boundary layer is flat, parallel to the plane of the electrode
surface. The concentration is set to the bulk value on the upper surface,
[11-9]

We shall consider the mass transport limiting case, as this is the case where convection will
have the largest effect Hence, the concentration is set to. zero on the lower surface,

c=O

[11-10]

On either side, symmetry conditions are imposed,
.[11-11]

Vc·n = 0

In this way, a small section of the electrode surface is considered over which the change in

boundary layer thickness is negligible.
For a stagnant region, Laplace's equation for concentration is solved,
[11-12]

For the evaluation of the effect of convective

micro-hydrodynami~.

the convective-diffusion

equation is solved,
[II-13]

Since, for most electrochemical systems, Sc

= 1000 (18), we make the assumption that Pe =

1000 Re, and use Re = 0, 0.001, 0.01, and 0.1. For each Reynolds number, two values of
the mass transfer boundary layer thickness were investigated:

o= 1/9 d

and 1.0 d.
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Figure ll-4. Convective diffusion problem geometry
and boundary conditions
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2. Solution Procedure

The diffusion or convective diffusion equation is solved using a finite element method
program, described in appendix C, that reads the previously computed hydrodynamic results
from POLYFLOW. In this program, bilinear basis functions are used on a mesh of quadrilateral elements. Near the notch, the mesh used is shown in FigUre II-5, for

o= 1.0 d.

3. Results

From the isoconcentration contours shown in Figure 11-6 for 0= 1.0 d and in Figure
11-7 for O=o.lll d, a visual comparison can be made between two extremes: the stagnant,
pure diffusion case (Pe=O), and the convective diffusion case (Pe= 100). The differences
between the convective and diffusive cases appear negligible to the human eye. The
differences, although small, are in the regions of the primary flow. It appears that the recirculation regions act as a diffusion barrier.
To make the differences between the diffusive and convective cases clearer, the percent increase in flux to the electrode surface caused by convection relative to diffusion was
calculated3 • Shown in Figure 11-8 is the percent increase in flux along the boundary near the
notch 4 for 0=1.0 d, and Pe=l, 10, and 100. In Figure 11-9, the percent change in flux is
compared for the thin boundary layer thickness (0=119 d) for Pe=1, 10, and 100. For both
boundary layer thicknesses, when Pe= 1, the, maximum change in flux appears to be
3

Although the singularities at the sharp convex comers do not appear to cause any errors in the calculation of the concentration contours, it is possible that in the immediate vicinity of the comers, errors will occur in the calculation for the increase in the flux.
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ihe vicinity of the notch is 0.2%.

negligible, around 1%; the average change in flux in
For

~1.0

d, as the Peclet number is increased to 10, the maximum change increases

to less than 5%, and the average change in ftux to less than 2%. At the same Peclet number,
if

ois decreased to 1/9 d, the maximum change increases to less than 10%. again with an
'

average change on the order of 2%. The shape of the curve is also of interest The initial
increase in flux near the left comer of the trench is caused QY the primary convective flows
down into the notch. As the additive is depleted, the change in flux diminishes. The
shoulder that occurs near the central part of the trench is caused by the secondary flow within
the notch. The change in flux then increases near the trailing comer, again caused by the primary. convective flow into and out of the notch.
As the Peclet number is increased further, to 100, for ~1.0 d the maximum grows to
less than 30%, and the average to less than 10%. For ~1/9 d, the maximum change grows
to less than 50%, the shoulder region becomes more significant, indicating an increase in flux
on the order of 1.5%, and the average change increases to less than 20%.

4. Discussion

There are two interesting observations to make. First, for Peclet numbers of 100 or
larger, the effects of microconvective regions (secondary flows within the trench) appear to
increase transport to the groove for

4

~1/9

d and to decrease for ~1.0 d. The increase prob-

Note that the distance along the boundary, or perimeter, is longer than the distance in
the x direction for obvious geometric considerations. For this reason, the locations on the
perimeter of the left comer, central trench, and right comer have also been indicated in Figures 11-8 and 11-9.
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ably occurs because the nearer the boundary layer to the microprofile, the smaller is the dis'

tance that must be crossed prior to reaching the recirculation region. Thus, as we would
expect, the increase caused by microconvective regions is important 'for thin boundary layers.
The decrease for thicker boundary layers might occur because the flows within the recircula_tion region are very weak, and thus the region acts as a diffusion barrier.
When Pe- 100 (Re- 0.1), the maximum error in the local limiting flux caused by
such an approximation is estimated to be no larger than± 30 % at any particularpoint, while.
over the entire surface, the average error is only ± 10 %. The error drops dramatically as the
Peclet number decreases. Thus, it appears from these results that it is reasonable to use a
simple Nernstian boundary layer model for estimating mass transport rates into microscopic
regions for flows where Pe < 100.

Second, for Peclet numbers lower than 100, the effect of the microconvective regions
appears to be almost negligible for both thick and thin boundary layers. This probably
occurs because convection becomes less relative to diffusion as the Peclet number decreases.
/

We have characterized the role of convection in terms of the Peclet number for the
notch, but the question remains: how large must the bulk flow be for secondary flows to be

important? Consider the relationship between the Reynolds number for a notch, Re, and the
Reynolds number for flow through a tube of diameter R, Re bulk derived from equation [11-6],

Re

=Re

d2

bulk

2 2
R .

[11-14]

If the diameter is 10 em, and we are considering transport in 100 J.1I11 deep trenches, theRe
,.

for the notch will be only 0.0168 when the bulk flow makes the transition into turbulence.
(The Peclet number will only be- 16.8.) Consequently, the effects of recirculation and movement of electrolyte into the notch will not be important for laminar flow.
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This result may seem surprising in view of the correct theoretical worlc done by
Alkire et al, but it is supported by the experimental evidence of Andricacos et al (2). As
previously mentioned, the cases studied by Alkire et al, and by Shin & Economou,

are subtly

different from that analyzed here. In their investigations, only the surface of the cavity has a
nonzero flux; the.outer fiat surface on either side is not involved in transport and has a zero
flux to it. Under these conditions, transport by convection from the cavity is extremely
important As soon as a species is transported across the recirculation region, it is swept
away by the bulk solution flowing by the cavity. The increase in transport over pure
diffusion, caused by recirculation, is significant. In contrast, in our case, transport by convection to the microscopiC trench is not nearly so important. Any chemical transported to the
notch must first diffuse towards the surface from the bulk, and then must cross the recirculation region. The major transport resistance is the diffusion to the surface from the bulk.
Transport across the recirculation region is negligible in comparison to this, and hence, the
recirculation region may be considered to be stagnant

D. Conclusions

Although there are interesting patterns of flow near microscopic cavities, these recirculation regions within the mass transfer boundary layer. have a negligible effect on transport
under laminar bulk flow conditions, and merely act as a stagnant diffusion barrier. For Peclet
numbers less than 100 (Re < 0.1), the effect of electrolyte movement in the groove might be
considered negligible. The dipping of the flow into a notch however can have an important
influence for Peclet numbers above 100 (Re

~

0.1 ).

..
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LIST OF SYMBOLS

c
d
D

F
LM
N
Pe
R
Re
Rebullt
Sc

v
<v >
V1op

x
y

concentration (moVem 3)
notch depth (em)
diffusivity (em 2/s)
shear stress at the wall (g/ms2)
FEM mesh length in hydrodynamic simulations
flux (moVcm 2s)
Peclet number, Re Sc
tube radius (em)
Reynolds number for notch, d 2(av lily) lx=-P/J.L
Reynolds number for bulk flow
Schmidt number, D p/J.L
velocity (cm/s)
average bulk velocity (cm/s)
velocity of top pfate in hydrodynamic simuliuions (crn/2)
x direction (em)
y direction (em)
Greek Letters

a
J.1
p

mass transfer boundary layer thickness (em)
viscosity (g/crfi s)
density (g/cm 3)
SUBSCRIPTS

bulk
n
t
top

bulk concentration
direction nonnal to surface
direction tangem to surface
top plate
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CHAPTER llL
THE EFFECT OF INHmiTOR TRANSPORT
ON LEVELLING IN ELECTRODEPOSITION

...

Abstract
The electrodeposition of nickel into an angular trench in the presence of coumarin, a
widely used inhibitor, is simulated using boundary layer approximations representative of
flow parallel and transverse to the groove. Based on the diffusion-adsorption mechanisni of
levelling action, the dependence of the developing contours on variations in the Langmuir
coefficient and inhibitor/metal-ion flux ratio are investigated. Levelling efficiency is shown to
be highest for thin, planar boundary layers, and lowest for contour following boundary layers.
The model successfully predicts the levelling-off of the inhibitor effect with increasing inhibitor vs. metal-ion flux, and that there is an optimal mass transfer boundary layer thickness, or
flux of additive which results in superior levelling perfonnance. Satisfactory agreement is
found between the predicted contours, obtained by solving the model equations using the
boundary element method, and -the experimental levelling efficiencies detennined by previous
investigators.

A. Introduction

Various organic and inorganic additives are used in electrolytes to control the current
distribution on the macro and micro scale, the brightness, and, in the case of alloys, the composition of the electrodeposit (1). Practitioners of the art have long known that the addition
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to electroplating baths of small concentrations of certain compounds, commonly called inhibitors, yield electrodeposits that are smooth 9n the microscopic scale. In the case of levelling
(smoothing of rough surface features on the order of 10 microns (2), the transport of inhibi- tors to the electrode surface can have a significant effect on the final electrode profile. When
the additives are consumed at the mass transport limiting rate, levelling is thought to proceed
by a diffusion-adsorption mechanism (1) explained

mFigure lll-1.

Watson,and Edwards, in their pioneering worlc (3), quantified the levelling ability of
various additives based on polarization measurements made at various additive concentrations. The following expression for the levelling power of an additive was defined:

.

Levellzng Power

= -Cai

(dtlldCa );
(dJlldi )c

.

Ca [ di ]
=--i dCa

.

[III-1]

~

where ca is the concentration of additive in the bulk, i is the current density, and 11 is the
overpotential. Reasonable success was achieved iri predicting the levelling and roughening of
microprofiles from polarization data For example, Watson and Edwards were able to predict
roughening or smoothing of a copper deposit obtained from an electrolyte containing varying
amounts of thiourea. One shortcoming of using the levelling power is that it does not take
into consideration the actual surface concentration of the levelling agent, i.e. the transport of
the levelling agent is not considered.
Kardos and Foulke (4, 5) and Kruglikov et aL (6, 7) both recognized the importance
of controlling the mass transfer boundary layer thickness in levelling studies. K.ruglikov et al
measured the increase in polarization caused by various flux rates of additive to a rotating
disk cathode in systems of cownarin/nickel (in

a Wan's bath), thiourea/nickel (in a Watt's

bath), and thiourea/copper (in acid copper sulfate). Their results demonstrated that for additives conswned at a rate limited by mass transport, the flux to the electrode surface, and not
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Bulk Electrolyte
C = C bulk
Inhibitor Boundary Layer

Peak

XBL 9012-3902

Figure 111-1. Diffusion-Adsorption Mechanism
Because the diffusion distance to the peaks is shorter than to the valleys, more inhibitor arrives at the peaks. Thus, the electrodeposition reaction is mo~ inhibited there,
so less metal is deposited, and the profile becomes smoother.
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the bulk concentration of additive, detennines the change in polarization.
Krichmar (8) was the first

tQ

propose that additives adsorbed to the surface of an elec-

trode are incorporated into the deposit at a rate proportional to the surface coverage and
current density.
Recently, Roha & Landau (9, 10, 11) extended ·Krichmar's worlc by including the
effects of diffusion. Roha & Landau performed a material balance on the additive including
the processes of diffusion. adsorption, desorption, and inclusion.
Dukovic and Tobias (12) attempted a simulation of the experimental results of K.ruglikov et al. Dukovic and Tobias assumed the levelling agent diffused from a flat boundary
layer edge (that did not follow the electrode contour) across a stagnant .fluid region to the
electrode. At the electrode, the leveller was consumed at the mass transport limiting rate.
This sort of boundary layer approximates a shear flow transverse to grooves on the electrode
surface. Their calculated results greatly overpredicted the experimentally measured levelling
perfonnance. Furthennore, their simulation only required the relationship between the potential, current density, and flux of inhibitor agree with the kinetic data taken by K.ruglikov et al.
This limited their simulation to low fluxes of coumarin.

In the following, for additives consumed at the transport limiting rate, a simple relationship is derived between the fraction of the surface covered or blocked by the inhibitor
and the ratio of the flux of inhibitor to the flux of metal ion. This relationship is then used,
along with uncomplicated approximations for the boundary layers in parallel and transverse
flow by surface trenches, to simulate the experimental behavior observed by' K.ruglikov et al.
The present simulation covers a larger range of coumarin flux than that of Dukovic and
Tobias, and it also allows examination of the influence of flow orientation on the electrodeposits obtained in the presence of inhibitors consumed at the transport limiting rate.
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B. Assumptions

The model presented here uses same of the asswnptions made by Dukovic et al: the
levelling agent is mass transport controlled, and the transport of leveller is in a quasi-steady
state; however, two additional assumptions are made. First, a simplified version is introduced
/

of the mechanism for inhibitor behavior proposed by Krichmar (8), and extended by Roha
and Landau (11). Second, various assumptions about the geometry of the mass transfer boundary layer are tested.

1. Quasi-Steady State Approximation

A quasi-steady-state approximation is made: changes in the solution to the concentration problem as the boundary moves are assumed to occur much more rapidly than the rate at
which the boundary moves. Dukovic and Tobias (12) have shown this to be a reasonable
approximation for the NickeVCoumarin systeJI!.

2. Leveller Action

Following Krichmar (8), it is assumed that inhibitors act by blocking the electrode
surface, reducing the area available for electrodeposition. Although this is a simple,
unrefined approximation to the phenomenon occurring on the atomic scale during electrodeposition, it is not unreasonable. Modem descriptions of electrocrystallization are based on
growth at steps and kink sites (13). An additive adsorbed at one of these sites prevents a
metal adatom from depositing there. To maintain deposition at the same rate, more nuclei
must form, causing a rise in the potential required for electrodeposition. The blocking of step
and kink sites on the atomic 'scale corresponds to

a red~ction in the area available for
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electrodeposition on the macroscopic scale.

A very similar approximation has been used sue-

cessfully by Hessami and Tobias (14) in a simulation of the alloy composition fonned during
electrodeposition of nickel and iron.
It is possible to estimate the fraction of the surface blocked by inhibitor, 9, from
knowledge of the relationship between current density and overpotential for metal deposition
without and with inhibitor present in the electrolyte. The geometric current density,

igeo

may

be defined as
.

lgeo

I

= --

[111-2]

Ageo

where I is the current passing through the geometric area, A geo. When inhibitors are present,
the effective current density, i ef f , is higher than i geo because some of the geometric electrode area is blocked by inhibitor. The relationship between the effective electrode area,
A ef f and the geometric electrode area, A geo, may be expressed as
[111-3]

A ef f = ( 1 - 9 ) A geo

From this definition, and equation [111-2], one obtains the following equation for the fraction
of the electrode surface blocked by inhibitor,
igeo

9=1--

[111-4]

i ef f

Although unsophisticated, this simple model for the effect of additives describes all of the
important physics. Kruglikov et al (6), measured the potential at several current densities for
a given flux of coumarin; the coumarin flux was controlled by using a rotating disk system.
From a graph of current density vs. ·potential at various fl~xes of additive, such as the one
shown in Figure III-2 derived from the data of Kruglikov et al (6)

1
,

the values of i geo and

i ef f may be read in the following manner: At a given geometric current density, i geo
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measured in the presence of inhibitor as shown on the lower curve in Figure ill-2, the potential is used to locate the effective current density for metal deposition from the upper curve,
measured without the inhibitor.
A steady-state material balance for the inhibitor at the electrode surface may be performed. Following Krichmar, the rate of incorporation of adsorbed inhibitor, r;, is taken to
be,
'

T·

'

=k·9
'

where k; is the incorporation rate constant, and

iff
e
.

ieff

[III-5]

is effective current density for metal

deposition. The incorporation rate constant depends on the ratio of the area blocked by the
inhibiting molecule to the area required for incorporation by the depositing ion. Since from
equation [111-4],

ieff

= igeof(l- 9), and igeo = n F N,., the following equation is derived

from equatioJ!JIII-5],

9

r· =k·n F - - N
'
'
1-9 ,.

[111-6]

In the quasi-steady-state, a mass balance on inhibitor at the surface requires that the rate of
incorporation to balance the rate of adsorption, r 12 , and the rate of desorption, rd,
[III-7]

A mass balance on inhibitor in the volume adjacent to the surface requires that the rates of
adsorption and desorption balance the net flux of material entering the control volume,
[III-8]

Thus, the rate of incorporation must balance the net flux of additive to the surface,

1

K.ruglikov et aJ reported much more data than is shown in Figure 111-2.
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Figure 111-2. Data of Kruglikov

et a/(6)

The effective current density for nickel electrodeposition in the presence of
coumarin may be read.from the graph for any geometric current density. The
potentials are all referenced to a standard hydrogen electrode.
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[lll-9]

Substituting equation [lli-6] into [lli-9] and performing some algebra yields the following
relationship between the fraction of the surface covered, 8, to the ratio of the additive

flu~

to

the metal ion flux,

8
Na.;;...__
_...;;...__
= __
(1 - 8)
ki n F N"'

[III-10]

All of the current density vs. potential data, presented by Kruglikov et al (6) has been used to
determine 8 at various fluxes of coumarin and nickel ion. Although Kruglikov et al did not
present any 8 _data, this information is referred to in the remainder of the text as the data of
Kruglikov et al because their work is the source from which the information was derived.
The plot of

8

a

1-a

vs.

Ncoumarilt

NNi ..

•

•

•

Is shown m Figure ill-3. A robust linear regression

2

was

perfonned,Jollowing the procedure described by Press et al (15). The equation for the best
robust line through the data of Kruglikov et al (6) is,

+ 0.188

[III-11]

where the + 0.188 indicates the confidence interval for the line.
Although second and third order polynomial fits to this data were also obtained, this
only added more_parameters to the model, without improving the interpolation significantly.
There are a number of reasons that might explain why the experimental data falls away from
the line at high flux ratios. First, the flux of coumarin has been calculated assuming it is consumed at the mass transport limited rate. This assumption may not be valid at high values of
2

The difference between a robust regression and a least squares regression is that the
former minimizes 1:1yi-a-bxi I while the latter minimizes 1:(J;-a~bxil
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the flux ratio. Second, the flux of nickel ion has been computed assuming a 100 % current
efficiency. For low current densities, it has been demonstrated that hydrogen evolution
lowers the efficiency for nickel deposition (1).

3. Mass Transfer Boundary Layers

We

as~ume

the fluid within the mass transfer boundary layer is stagnant, thus simpli-

fying the solution of the differential equations. 111is has been shown to be reasonable i~ the
,
Reynolds number for flow by a microscopic cavity is less than one (16, 17). The Reynolds
number for flow past a notch is defined as

I

av
d2 p
ayx=oo

[111-12]

Re=-----Jl
where

~

is the shear gradient at the surface far from the notch. For example, in Kruglikov

et als experunents, a 0.5 em diameter disk, rotating at 400 rpm, with a 10 .urn deep trench,
would have a Reynolds number (varying with radial position) that changes from 0 to 1,
increasing iinearly in the radial direction.
Two limiting orientations of the flow with respect to the grooves are considered: (i)
flow transverse to the grooves, and (ii) flow parallel to the grooves, as illustrated in Figure
III-4. As shown in Figure 111-5 (a) for transverse flow, the boundary layer edge is approximated in two ways, (A) a flat surface at which the concentration is imposed, similar to
Dukovic's model, and (B) a curved surface located in the following way: In one dimension,
the transport limiting flux for a given boundary layer thickness,

o, may be calculated to be

Deb 10. This flux is then imposed at a flat surface far from the notch as shown in Figure III5, and the concentration problem is solved. The isoconcentration contour with a value equal

105

8.0
Data of Kruglikov et al (6)
- Best Robust Fit
···Upper, Lower Bounds
1

7.0
6.0

I

5.0
9

4.0

1-9

I

3.0
2.0
1.0
0.0

.

-1.0
0.0

0.0001

0.0002

Flux Ratio (Coumarin/Nickel)

XBL 9012-3904

Figure Ill-3.
Relationship between surface coverage and flux ratio.
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to the bulk concentration is taken to represent the edge of the mass transfer boundary layer.
This allows the mass transfer boundary layer to dip slightly into the notch as shown in Figure
111-5. We shall call this a 2-D Nemstian approximation to the boundary layer because it is
similar to the Nemstian approximation made for transport in one dimension.
For parallel flow, we assume that the boundary layer edge follows. the profile, as
shown in Figure 111-5 (b). For slight imperfections, this seems reasonable for the following
reason: consider transport to a flat plate. The boundary layer will have a unifonn thickness
across the plate at any given distance in the direction of flow. If we bend the plate slightly,
the boundary layer edge should follow or confonn to the plate. Although the grooves considered here are much sharper than any sllght bending of a flat plate, the arguments presented
fonn the basis for the application of a profile following or confonnal boundary layer approximation. The profile following boundary layer approximation i~ an abstract limiting case;
'

results obtained by making this approximation will represent an upper bound on the flux of
inhibitor to the depth of the notch, and a lower bound on the levelling performance./

C. Mathematical Problem Definition
1. Diffusion of Inhibitor

Laplace's equation3 for concentration is solved for diffusion ofthe inhibitor from the
.

.

boundary layer edge to the electrode surface,
[111-13]

. where the superscript '" indicates a dimensionless variable. The concentration of inhibitor is
3

The basis for this differential equation for diffusion is Fick's second law.
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· Figure III-4.
Orientation of fluid flow relative to notch.
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nondimensionalized with its bulk value, f

=c! ; the distance is made dimensionless with the

notch depth, i = d. This requires the ftux be made dimensionless with

N = Da cli = D a c!ld.

The geometries considered are shown in Figure lll-5. At the boun-

dary layer edge, the concentration is set to one,
[111-14]

Since the additive is consumed at the mass transport limiting rate, the concentration of additive is set to zero at the electrode surface,
[111-15]
It should be noted that this boundary condition is really an approximation; although not zero,

the concentration at the boundary is in fact very small. lbl (18) has cited the work of several
research groups (19, 20, 21, 22, 23) whose experiments have demonstrated that coumarin is
consumed-at the transport limiting rate. Th_us, the concentration at the boundary is so small
that it may be approximated as zero for the purpose of determining rates of additive transport
to the surface. It would. be incorrect, on the other hand, to use this approximation for the
purpose of determining the rate of adsorption, r a ; the concentration, though minute, is large
enough to account for finite rates of adsorption of additive onto the surface.
On either side of the domain of interest, symmetry conditions are imposed,
[III-16]

2. Distribution of Current

Laplace's equation for potential is solved to obtain the current distribution at the electrode surface,
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[ill-17]

This equation is only valid in regions of unifonn conductivity. The potential is made dimene
sionless with ~ = RTIF • This choice for the potential forces the current density to be nondimensionalized with { = ~lC/.f = RT KIF d. The geometry considered is shown in Figure llle6.
Along the upper surface, far from the electrode, a constant current density is imposed, ic*,

"'. ·n = -lc. •
V'I'

[111-18]

where n is taken to be the outward pointing nonnal. At the electrode surface, a nonlinear
ldnetic boundary condition is imposed,
-v~· ·n = ig*eo (0, ~·1 sur...ac~ )
1

[111-19]

This boundary condition simply states that the current density at the surface is a function of
the fraction of the electrode surface blocked, and the potential at the surface: This is con.:
sistent with the mechanism that has been assumed for the behavior of the additive. For transport limited additives, recall that

a is a function of the ratio of the flux of additive to the

flux of metal ion. Thus the boundary condition may be recast as
[III-20]

as shown in Figure 111-6. Restating equation [III-4] in dimensionless terms, one finds,
[III-21]

Equation [III-10] may be rearranged to,
(1--6)

= ___1_.- 1 + N4 1k; n F N,.

[111-22]

This is substituted into the dimensional form for equation [111-21 ], which yields after some
algebra,

...
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[ill-2_3]

In the model presented here, the current efficiency shall be taken to be one, so that
i 8eo = n F N'"; thus [Ill-23] may be further simplified to

-V~·n =igeo = ieff

1
- Na
k·I

[111-24]

- -

where i ef f is computed from knowledge of the kinetics of metal deposition in the absence of
inhibitor, and the potential at the surface ~l.r,face. The boundary condition expressed in
equation [Ill-24] may be recast in dimensionless fonn as,
[111-25]

where Li is a constant dependent on the physical parameters of the experimental system
.

1 N . FD cb
(Li = -""";:"' =
a a ) and N• is the dimensionless flux of additive to the electrode surface.
ki i
kiRTK

On either side of the domain of interest, a symmetry condition will be imposed,
Vi*·n = 0

[111-26]

3. Boundary Movement
2 2

The time is made dimensionless with

nF d p
i = nF .fp'" = __
__;_;..;.'"-, where MW
(MW) [

(MW) KRT

is the

molecular weight of the depositing metal, and Pm is the mass density of the metal. The
boundary is moved according to Faraday's Law, in dimensionless fonn,
dh.
dt•

.•

- - =-l

geo

[111-27]
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Figure Ill-6.
Potential problem geometry
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D. Solution Procedure
1. Diffusion Equmion

First, the diffusion equation is solved; the important result from the solution is the
ftux of inhibitor arriving at the electrode surface. The diffusion equation can be solved
without knowledge of the solution of the potential problem. The equation is solved using the
boundary element method (BEM), with second order basis functions and isoparametric _elements. The use of the boundary element method for the solution of potential problems is
well known, and described by Brebbia (24, 25). Double nodes are used at comers, points
where the boundary condition changes from a ftux condition to a concentration condition.
The use of double nodes in this manner was first proposed by Brebbia (24), and has been
successfully used by Deconinck (26), Dukovic and Tobias (12), as well as Matlosz et al (27).
The mesh used is shown in Figure III-7.

2. Potential Equation

Second, the potential problem is solved; this requires knowledge of the inhibitor flux
from the solution of the diffusion equation.. The potential problem is also solved using the
boundary element method, with second order basis functions and isoparametric elements.
The potential problem has two types of comers: (1) points where the boundary condition
changes from a flux condition to a concentration condition, and (2) points where the boundary condition changes from one flux condition to another flux condition. The first type of
comer is treated by using a double node, just like such comers in the diffusion problem. At
the second type of comer, double nodes may not be used; these introduce a singularity. To
handle this condition, a minute transition element is inserted over which the ftux boundary
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Figure Ill-7.
BEM mesh used to solve diffusion problem
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condition varies linearly from the value on side to the value on the other side. The use of
such transition elements is described by Brebbia (24). The mesh used to solve the potential
problem is shown in Figure III-8.

3. Moving Boundary Equation

Third, the boundary is moved--this requires knowledge of the current density at the
electrode surface from solution of the potential problem. The finite difference method is
applied to solve the moving boundary equation. To locate the moved boundary, a forward
Euler time step is made, using

M• =

vcp··n ru•

[III-28]

where h is the distance each node is moved, in a direction nonnal to the boundary, as shown
in Figure III-10. Intersections with the segments connecting the moved set of nodes are then
removed, as well as intersections with the boundary. From the set of moved· nodes, new
nodes are then located in a manner such that the relative spacing between the nodes remains
constant.
Some errors are introduced by this method: (i) in places where the boundary moves
into an insulator, some material is lost, (in this study, at the bottom of the notch); (ii) similarly, in places where the boundary moves away from an insulator, some material is gained.
These errors are neglected in the solution procedure used here. A similar method for moving.
boundaries has been used by Dukovic and Tobias (12), and by Deconinck, Maggeno, and
Vereeken (28).
The method presented here is simpler than that of Dukovic and Tobias, in that straight
line segments are used to approximate the changes at convex comers, but is also more complex, in that after each time step, the final surface is checked to ensure that it does not
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Figure III-8.
BEM mesh used to solve potential problem
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intersect with itself, i.e. that two different parts of the moving surface have not grown into
each other.
After the electrode boundary is moved, the mesh for the diffusion equation and potential equation are constructed, with the upper surfaces spaced an appropriate distance away
from the moved surface.

E. Results

The model described above was applied to experimental data taken by Kruglikov et

al. These were selected because they are currently the only data based on experimental work.
in which the transport of additive was well controlled, and the initial microprofile of the surface is known. Kruglikov et al investigated the levelling of a 50 Jllil deep angular notch
with a 60 degree angle into which nickel was electroplated from a Watt's bath with a small
-

concentration (0.68 mM) of coumarin present. The precise shape of the notch is not known,
we have assumed the convex comers of the groove were somewhat rounded as shown in Figure III-5. Kruglikov et al used a rotating disk electrode system to carefully control the flux
of coumarin to the electrode surface.
The nondimensionalization constants used to model this system are shown in Table
111-1. The current density at the upper electrode was set to correspond to 10 rnA /em 2, or

ic•

=0.03892.

The value used for L; was 0.02734. The boundary layer thicknesses used

were: 2.0 d, 1.0 d, 0.5 d, 0.4 d, 0.3 d, 0.2 d, 0.15 d, and 0.1 d. In some cases, for the
smallest boundary layer thicknesses (0.15 d and 0.1 d), the electrode was blocked by inhibitor to such a large extent that the effective current density exceeded the current densities for
which overpotential data for metal electrodeposition were available. We do not present any
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simulation results for cases where this occurred.

1. Advancing Profiles

Advancing profiles are obtained as a function of time. Shown in Figure III-10 are
developing contours for a fiat boundary layer, with thickness
shown for every three time steps, 3£\t

a = 0.3 d.

The profiles are

=0.45 i; the final contour shown represents a time

step that is slightly less than 3£\t. The simulation was only carried out to C=-2.5693

i, the

dimensionless time required to plate 5 J.Uil of Nickel onto a fiat surface at the imposed current
density of 10 rnA/em 2• The additive increases the quantity of material depositing in the bottom of the notch; more metal has plated there than on the adjacent fiat portions of the electrode.

Using the simulation, we can compare the final profiles obtained for the three different
boundary layer approximations. Shown in Figure III-11, are the final profiles for two mass

Table 111-1. Summary of
Nondimensionalization Constants

Constant

i

Value
50

J.Uil

c

0.68

mM

N

0.9879

nmol
2

~
...

i

...

t

25.69
256.9

cm s

mV
rnA
-2
cm

569.27

s
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Figure III-10.
Advancing profiles as time progresses for a flat boundary layer of thickness 10 J.UD
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transfer' boundary layer thicknesses, of 0.5 d and 0.2 d. For the thicker mass transfer boundary

laye~.

there is very little difference in the final profile shapes obtained. In all cases, the

notch has more material deposited into it than plated on the adjacent ftat portion of the electrode. There are, however, differences between the two transverse ftow approximations in
thickness of material deposited at the convex comer of the surface--the ftat bOundary layer
approximation shows a relatively even deposit thickness over the comer. while the 2-D Nemstian approximation shows a thinner deposit thickness over it.
For the thinner boundary layer, there is a significant difference in the final notch depth
and electrode profile for the three approximations to the boundary layer. For the profile following boundary layer, as one might expect, less material is deposited into the notch than for
either of the transverse ftow approximations. Also, the filling of the notch results in a
smooth U-shaped valley, unlike the sharp V-shaped valley obtained in the case of the ftat
boundary layer approximation. Last, the deposit on the convex comer is much thinner Ulan
the deposit on the adjacent ftat portions. This thin deposit on the convex comer would be
expected of a good levelling system; the convex comer allows more inhibitor to reach the
surface, hence mo.re inhibition of electrodeposition should occur there. In contrast to the
profile following boundary layer, the deposit on the convex comer is not thinner for the ftat
boundary layer. In this case, the shortest distance between the electrode surface and the
boundary layer (a measure of the rate of additive transport) increases as we descend into the
notch; in the profile following case, the distance remains constant around the comer, and only
increases when we are well inside the groove.

2. Notch Depth vs. Time

In Figure III-12, the dimensionless notch depth is shown as a function of
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dimensionless time, for the 1-D and 2-D Nemstian boundary layer approximations at various
mass ~fer boundary layer thicknesses. For ~>0.3 d, the angular notch levels linearly with
time. As the boundary layer thickness approaches zero, levelling will occur at a higher rate;
the maximum levelling rate will presumably occur at ~ = 0. The levelling rate may be calcu-

.

lated as the derivative of the dimensionless notch depth with respect to the dimensionless
time. Using this proposed definition of the levelling rate, a high levelling. rate is repre~ented
by a more negative number. This rate of decrease in depth of the notch, or levelling rate, is
a linear function of the average flux of additive to the surface, as shown in Figure III-13 for
both the 1-D and 2-D Nemstian boundary layer approximations.
Figure 111-12 may be contrasted with the results obtained for a profile following boundary layer approximation, shown in Figure lll-14. There are many striking differences.
First, the levelling rate is not nearly as high as for the Nemstian approximations. Second, the
levelling rate is only linear for the large boundary layer thicknesses, ~

=2.0 d, and 1.0 d;

for the smaller boundary layer thicknesses, the levelling rate decreases with the notch depth.
Third, forthe thinnest boundary
thicker boundary

layer(~=

layer(~=

0.2 d), the notch is deeper than for the slightly

0.3 d). This is not unreasonable because in the profile-following

boundary layer case, as the mass transfer boundary layer thickness approaches zero, the levelling rate must drop towards the geometric rate. (Geometric levelling occurs when a uniform
thickness of material is deposited everywhere on the profile; it is a result of a uniform current
density on the Pl'()file.) Thus, these results indicate that there is an optimum additive flux
required to obtain the best levelling performance. Although this behavior has been observed
experimentally by Kruglikov et al (6) and Watson and Edwards (3), no explanation was
offered. Other explanations may be possible; for example, in the case of Watson and
Edwards' experiments, it may be that the additive was not consumed at the transport limiting

124

1.0

0/d

0.9

2.0
0.8
..c::
.....

1.0

0.7

0.5

0..
~

0
..c::
C,)

.....

0.4"

0.6

0

zen

en

·. 0.3
0.5

~

c::

··-e
0

en

c::

0.4

0.2

~

0

0.3
0.2

1-D (Flat) Nernstian Approximation
2-D Nernstian Approximation

0.1
0.0
0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

Dimensionless Time
XBL 9012-3913

Figure 111-12.
Notch depth vs. time for 1-d.and 2-d nemstian approximations to the mass transfer
boundary layer.

.

125

-0.05

.

-0.06
-0.07
-0.08
-0.09
ell

.s
::::=
11.)

>

-0.1
-0.11

.11.)

~
~

0

-0.12

- -0.14
11.)

-0.13

~

~

-0.15
-0.16
a Flat Boundary Layer Approximation
+2-D Nemstian B.L. Approximation
-Best Line, Rate =-0.0362 - 0.0451 Flux

-0.17
-0.18
-0.19
0.0

1.0

2.0

3.0

Dimensionless Flux Of Coumarin
XBL 9012-3914
-

.
Figure lll-13.
Rate of levelling vs. dimensionless Hux of coumarin for transverse flow simulation

126
rate. Even though the data of Kruglikov et al were taken under conditions where the additive, coumarin, is known to be consumed at the transport limiting rate, it is conceivable that
the optimum flux observed is caused by some other phenomenon, for example a decrease in
current efficiency as the flux of coumarin is increased.

3. Percent Decrease in Depth vs. Additive Flux

Theoretical results for the 1-D and 2-D Nernstian boundary layer approximations are
compared in Figure Ill-15 to experimental data taken by Kruglikov et al (6). Observe that
the assumption about the additive mechanism allows the theoretical simulation to be extended
over a much broader range of additive fluxes than was possible using earlier models. In
regard to predictions ofpercent decrease in notch
1-D and 2-D Nernstian approximations to the

depth~

boUil~

there is little difference between the
layer thickness. Also, the.predicted.

decrease is much larger than the observed decrease in the depth of the notch. The difference
is probably caused by the assumption implicit in the 1-D and 2-D Nemstian boundary layer
apl'roximation: the flow is transverse to. the notch.
As shown in the Figure 111-16, the agreement between theory and experiment
improves .somewhat when the flow is assumed to be parallel to the notch. The three lines
shown in the figure correspond to the robust line through the adsorption data shown in Figure
111-3, and the upper and lower bounds. Note that the lower curve in Figure 111-16
corresponds to the upper bound shown in Figure III-3. The important features of agreement
between the experiment and the theory are: (1) both the theory and experimental data show a
plateau, and (3) the slope of .the theoretical prediction agrees quite well with the slope of the
experimental data.
However, there are some major differences between the data and the

mode~.

In
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particular, the difference in critical flux at which the data and theory plateaus in Figure III-17
might be explained by including the effects of variations in current efficiency as a function of
current density and coumarin flux, or by accounting for reaction of the inhibitor at the electrode surface.
Possible errors in the model were investigated by varying some of the important
'

parameters. Errors caused by the tilne step were investigated by using a time step that was
one third the original. No difference was found between the two· time steps, as shown in
Figure III-17, hence the larger time step was used.
Errors caused by variations in the current density or Langmuir coefficient, L; , were
investigated by (i) lowering L; by 20%, and (ii) raising the applied current density by 20%;
the results are shown in Figure III-18. Lowering L; and raising-the current density have the
same effect on levelling perfonnance; however, variations in the two parameters are caused
by different physical phenomena. The slope, L;, is largely function of the physical and
chemical properties of the system (i.e. the incorporation rate constant, k;, the diffusivity, Da,
the temperature, the electrolyte conductivity,

1C,

and the bulk additive concentration, c~ while

the current density is adjustable at will by the electroplater. Although the slope, L;, may be
altered by increasing or decreasing

c:. this could alter the system so that the inhibitor may no

longer be transport controlled.
The discrepancies between this simulation and the experiments of Kruglikov et al may
be caused by erroneous assumptions in the model. The effects of current efficiency in nickel
electrodeposition have been neglected; it is not 100%, and it should increase with current
density, and decline with coumarin flux. It is possible that coumarin affects the current
efficiency by blocking the surface to metal deposition but not hydrogen evolution. In this
case, the overall current efficiency would be lower at high coumarin fluxes, and might

Flux Of Coumarin I (0.988 nmol/cm 2 s)

XBL 9012-3917

Figure 111-16.
Comparison between parallel flow simulation and experiment
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explain the difference between our theory and the experiments of .Kruglikov et al.
In the experiments of .Kruglikov et al, the precise orientation of the flow with respect

to grooves and location for measurement of the decrease in depth of notch were not reported.
Recall that the flow of fluid near a rotating disk electrode follows a logarithmic spiral pattern
(29), so that the angle of the flow with respect to the grooves varies with radius. Although
the model presented here is only capable of indicating the bounds for levelling performance
at various fluxes of coumarin, the model does suggest directions for further experimental
.

.

work. Careful control of the angle between the flow and electrode waviness should yield
experimental results that allow more precise evaluation of influence of transport processes on
developing contours during electrodeposition.

F. Conclusions

A model has been presented for the evaluation of levelling phenomenon based on
inhibitor transport and on the diffusion-adsorption mechanism. The electrodeposition of
nickel into an angular trench in the presence of coumarin, an inhibitor, has been simulated
using boundary layer approximations for flow parallel and transverse to the groove.' The
dependence of the developing contours on variations in the Langmuir coefficient and current
density was investigated. Satisfactory agreement was found between the model equations,
solved using the boundary element method, and the experimental results of previous investigators. It was predicted that better levelling performance would be obtained if the microscopic surface waviness is oriented perpendicular to the convective flow, and that for surface
roughness oriented parallel to the flow, there is an optimum boundary layer thickness, or flux
-

of additive, which results in superior levelling performance.
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This model allows simulation of the advancing profiles that might result from the use
of other transport limited inhibitors that act by blocking the electrode, as long as the sole
effect of the inhibitor may be characterized by a Langmuir coefficient, L;.
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LIST OF SYMBOLS

A

c
d
D
F
h

i
I

k
Li

area (em 2)
concentration of inhibitor (moVem ~
notch depth (em)
diffusivity (em 2/s)
Faraday's constant (C/mol)
distance a node is moved in a direction normal to the boundary (em)
current density ( rnA /em 2)
current (rnA)
reaction rate constant (mol- mA-s)

r

.

FDac:

Langmmr-type constant = - - kiRTK

MW
N
n
n
r

R
Re

molecular weight of material deposited, atomic weight for metal
(g/em3)
ftux (moVem 2s)
number of electrons used to reduce one metal ion
unit normal to surface
reaction rate (moVcm 2s)
gas constant (CV /mol o K)
av
d2 p

I

ayx=oo

Reynolds number for ftow by a groove, = - - - - - -

t
T
v
X

y

JJ.

time (s)
temperature (° K)
fluid velocity (cm/s)
x direction (em)
y direction (em)

Greek Letters

0
11

a

lC

JJ.

p
<P

mass transfer boundary layer thickness for inhibitor (em)
overpotential (m V)
fraction of the electrode surface blocked by inhibitor
cOnductivity (mho/em)
viscosity (g/em s)
density (g/cm 3)
potential (m V)
SUBSCRIPTS

a
c
d

additive, or adsorption
constant
desorption-
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ef f

effective

geo
i
m

geometric
incorporation
metal
SUPERSCRIPTS

b

s

*

bulk
surface

dimensionless variable
nondimensionalization constant
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CHAPTER IV.
OBSERVATIONS OF THE EFFECT OF
PARALLEL AND TRANSVERSE FLOWS
ON LEVELLING CAUSED BY INHffiiTORS IN ELECTRODEPOSITION

Abstract

Well defined microprofiled electrodes have been manufactured and utilized to investi- ·
gate the effect of coumarin on nickel electrodeposition into angular trenches for flows
oriented both parallel and

transv~rse

to the grooves. The flux of coumarin was raised in two

different ways: (a) by increasing the concentration of coumarin in the bulk. and (b) by
decreasing the mass transfer boundary layer thickness (increasing the Reynolds number). The
deposits have been characterized by measuring: (i) the notch depth as a function of the distance down the electrode, (ii) the deposit thickness as a function of-the distance down the
electrode, (iii) the current efficiency as a function of the average ftux of coumarin to the electrode and (iv) the average notch depth as a function of the average flux of coumarin.
In the laminar ftow regime, slightly better -levelling was observed for flows oriented

transverse than parallel to grooves. In gene_ral, the presence of coumarin caused the deposit
thickness to increase in the direction of flow. As the concentration of coumarin was
increased, the deposit thickness at the trailing edge became greater in comparison jO that at
the leading edge; moreover, as the average flux of coumarin was increased, the current
efficiency decreased, regardless of flow orientation. Thus it appears that coumarin acts by
simultaneously lowering the current efficiency for metal electrodeposition, and blocking the
electrochemical reduction reactions on the electrode.
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· A. Introduction

In Chapter m, the simulated effect of flow on the transpOrt of inhibitor to an electrode
surface during electrodeposition has been discussed. To evaluate the validity of our model,
experiments were carried out in a ftowcell using microprofiled electrodes whose orientation
with respect tO the flow was very well controlled. In the following, the manufacture of
mictoprofiled electrodes is detailed, the experimental apparatus and procedure are despibed,
and the resulting electrodeposits are characterized and discussed. '

B. Manufacture of Microprofiled Electrodes

There are several methods that have been used for obtaining microscopically rough
surfaces of precise geometry. In the past, investigators such as Kruglikov et al (1), Kardos
and Foulke (2), and Cheh (3) used nickel slugs cut from record masters to obtain a
microprofile. Unfortunately, use of record masters does not allow precise control of the
microprofile being used, the shape and size are dictated by their application for use in record
players.
Semiconductor processing techniques offer a method for precisely controlling the
notch geometry. This method, described in detail below, takes advantage of some of the
techniques applied in the manufacture of microscopic motors, actuators and sensors developed
at the University of California Microlab.
Semiconductor processing techniques have been used before in the preparation of
electrodes for use in electrocherpical experiments. For example, Dees (4), and later Whimey
(5), used micromosaic electrodes to resolve mass transport effects on a· 100 um scale. Later.
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Sutija (6) used semiconductor processing techniques to prepare micropattemed electrodes for
a study of the effect of microscopic bumps and ridges on the development of zinc morpho!ogy during electrodeposition. Also, Angus, Landau & Liao (7) used photolithography to
plate intricate patterns and even pictures through a photoresist mask.
Recent knowledge gained about silicon etching allows preciSe control of the
microprofile; rectangular channels, hemicylindrical grooves, and angular trenches of precise
dimensions may all be etched into silicon.
The use of silicon does have has some disadvantages. Metals do· not adhere well
when electrodeposited onto optically-flat silicon. Furthennore, because silicon is a semiconductor, the current distribution on a silicon electrode may be significantly altered by the resistance in the electrode. Both of these disadvantages can be alleviated by evaporating or
sputtering a thin layer of gold onto the silicon. Gold fonns a eutectic with silicon and thus
adherence can be improved 1 by sintering after sputtering. Also, electrodeposited metals such
as copper and nickel will adhere to gold. Last, a thin gold layer is conductive in comparison
to silicon, and helps alleviate any current maldistribution caused by resistance in the semiconductor.
The evolution of the silicon surface as it undergoes the procedures used to fonn angular trenches is shown in Figures IV-1 and IV-2. Test grade, 100 mm, n-type [100] silicon
wafers were obtained from UniSil Corporation. A wet 5000 A thick thennal oxide was
grown in a Tylan furnace at 1000 C. KTI-820 photoresist was then spun onto the wafer and
softbaked. The wafers were then exposed for 10 s through the mas~ shown schematically in ,

1

All of our tests indicated that gold sputtered onto and sintered into silicon adheres
more strongly to the silicon than to scotch tape.
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Figure IV-3. After exposure, the photoresist was developed, and hardbaked. The pattern in
the photoresist was used to pattern the underlying oxide. The oxide was etched in a Lam
plasma-etcher until silicon was exposed, a process that typically took 1.5 minutes.
After the oxide was patterned, the hard baked photoresist was stripped off using
acetone. At this point, the wafers have a patterned oxide; where there are holes in the pattern, silicon is exposed. The wafers were then etched for 1 hour at 80

° C in an anisotropic

etching bath of equal weight potassium hydroxide and water. This results in a precise 70.58
o

notch cut into the exposed silicon; the anisotropic etchant stops at _the [ 111] plane of sili-

con.
Following the anisotropic etching of the silicon, the oxide was removed by soaking
the wafers in a solution of 5: 1 (NH ,/" :HF) for 15 minutes. The wafers were then scribed on
the tempress saw3. The scribed wafers were broken into dice which were processed in
batches of 8 to prepare microprofiled electrodes. Each set of 8 dice were cleaned by placing
them in piranha (5: 1 by volume H 2SO 4 : H 20 i) for at least 20 minutes, rinsing in three
beakers of DI water, and then submerging them in a 10:1 HF:H 20 solution for 5 minutes.
The purpose of the cleaning procedure is to provide a surface free of oxide for sputtering
gold onto. Immediately after removal of the dice from the 10:1 HF solution •. they were
placed into the gold sputtering system. A thin layer of gold C400 A) was sputtered onto the
dice and then immediately sintered into them. At this point, the line widths on the wafers
were measured and .recordeg. A computer image of a scanning-electron.;micrograph of one

2

The mask consists of 4 columns by 8 rows of die. Each die has 16 lines spaced 0.5
mm apart. There are 2 rows with line widths of 50 urn, 2 with 20 urn, 2 with 10 urn, and 2
with 5 urn respectively. Only the dies with 50 urn lines were used in the experiments.

Experimental Observations
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Figure IV-1. PJ;eparation of Microprofiled Electrode:
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Figure IV-2. Preparation of Microprofiled Electrode:
Anisotropic Si Etch

.

145

-

.~

llll,llllllllllllll llllllllllllllllll llllllllllllllllll llllllllllllllllll
llllllllllllllllll
llllllllllllllllll
111111111111111111

111111111111111111

111111111111111111 111111111111111111 111111111111111111 111111111111111111
111111111111111111 111111111111111111 111111111111111111 1111·11111111111111

llllllllllllllllll ~ lllllllllllllllll llllllllllllllllll llllllllllllllllll
111111111111111111 111111111111111111 111111111111111111 111111111111111111
111111111111111111 111111111111111111 111111111111111111 111111111111111111

A

B

c
D
A

B .

c

-

llllllllllllllllll llllllllllllllllll llllllllllllllllll llllllllllllllllll
A
B
C
D

line
line
line
line

D

width = 5 urn
width = 10 urn
width = 20 urn
width = 50 urn
XBL 9012-3922

Figure IV -3. Preparation of Microprofiled Electrode:
Schematic of Photolithography Mask
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electrode trench is shown in Figure IV-4.
After making the microprofiled silicon die, the manufacture of the microprofiled electrodes was completed by mowtting each die in epoxy for use in a flow cell as shown in Figure IV-5. The base of the epoxy mold, a 2.5-3 cmlength of lucite rod, was machined in a
lathe to a 0.625 in. dia. and the face was. then polished. The face of the electrode was protected ·by dipping it into molten paraffin. The electrode face was then pressed onto the face
-

of the lucite rod. To ensure that the two faces were as close as possible, the electrode was
heated for a short time, melting the paraffin and allowing the electrode to be pressed onto the
lucite. Following this, the excess paraffin was removed using a razor blade, and the backside
of the electrode was cleaned with acetone. To make electrical contact to the electrode, a
copper wire was attached to the backside using TRA-CON BIPAX silver epoxy. While the
silver epoxy set (at least 12 hours), the copper wires were held in place by ·a cardboard
holder, as shown in Figure Ul-6. After the silver epoxy set, the mold was completed by
wrapping 3M removable tape around the base.
Insulating epoxy was then poured into the molds. The epoxy was fonnulated using
the recipe of P. Andersen (8): 70 parts Shell 826 epoxy resin, 12.5 parts Shell 736 epoxy
resin/thinner, and 17.5 parts Shell D-40 hardener. The epoxy was cured at low temperature
(<60

o

C) for 2 days. At a higher temperature, the paraffin would liquify, allowing the elec-

trode to move while the epoxy set. After the epoxy hardened, the n:tolds were removed by
unwrapping the removable tape, clamping the epoxied electrode in a vice, and knocking off
the lucite base with a hammer. The last step in this process was the removal of the
3

Since the electrodes have been manufactured, the tempress saw in the microlab has
·
been replaced with a newer and more precise saw.
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Figure IV -4. Preparation of Microprofiled Electrode:
Digital Image From SEM ofElectrode Trench
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Figure IV -5. Preparation of Microprofiled Electrode:
Insulatioll and Electrical Connection
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XBB·90 11-9830- A

Figure IV -6. Preparation of Microprofiled Electrode:
Cardboard frame used to hold copper wire while silver epoxy set.
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protective paraffin layer, done immediately before an experiment.

C. Experimental Apparatus & Procedure
1. Flowcell Apparatus

The Howcell apparatus, shown schematically in Figure IV-7 and photographically in
Figure IV-8, consists of an electrolyte reservoir, a 10 liter Nalgene Carboy, connected with
high-density polyethylene tubing to a magnetically driven centrifugal pump. Electrolyte is
pumped through a valve (used to adjust the flowrate), a rotameter'\ and the flowcell channel,
and then returned to the reservoir. The flowcell, which was modified from one used by Faltemier (9), has a channel with an entry length of 26.5 em (in front of the microprofiled electrode) and an exit length of 4.5 em (after the microprofiled electrode), and has a cross section
of 1 em wide by 0.5 em deep. The flow is oriented vertically up through the channel, to aid
in carrying away any bubbles that may form on either the working or counter electrode during an experiment.
The grooves of the working (or microprofiled) electrode are oriented either parallel or
transverse to the flow. On either side of the working electrode, in the walls of the flow channel are counter electrodes. The counter electrodes are sacrificial slugs of Ni-200 pipe, held in
place with silver epoxy. The silver epoxy is protected from the electrolyte by stop-off lac-

4

The calibration of the rotameter is detailed in appendix A.
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Flow cell
Expanded View
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Figure IV-7. F1owcell Schematic
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CBB-9011-9313-A

Figure IV -8. Aowcell Equipment
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quer.

2. Electrolyte Composition
-~

In some preliminary experiments, a copper-sulfate/sulfuric acid electrolyte with and
without the additive thiourea, was used; however, this electrolyte was rejected because of the
high stresses that built up in the copper deposit during electrodeposition, causing the deposit
to peel up from the silicon substrate. These experiments are discussed in detail in appendix

B.
Preliminary experiments with a nickel chloride, sodium chloride, boric acid electrolyte
were much more successful. The final electrolyte composition used is shown in Table IV -1.
Nickel chloride was used to supply nickel ions, sodium chloride to increase the conductivity
of the solution, and boric acid (a buffer) to reduce the rate of hydrogen evolution during electrodeposition. Hydrochloric acid is added to lower the pH. The additive used was coumarin.
The behaviour of the NickeVCoumarin system has been extensively studied by many investigators. For example, Kruglikov et al (1) as well as Watson and Edwards (10) observed the
levelling of nickel electrodeposited in the presence of coumarin. While Rogers and Taylor
(11, 12, 13) investigated the reactions of coumarin on a nickel electrode, verifying that coumarin is consumed at the mass transport limiting rate.

Table IV-1. Electrolyte Composition
Compononent
Ni Cl2· 6 H20
NaCI
H 3B0 3
HCI

Concentration
237.71 g I 5 1
292.2 g I 51
123.66 g I 51
50 ml of 0.1 N

I51

0.2M
1.0 M
0.4 M
0.001 M
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Two series of experiments were perfonned. In one series, the flux of additive was
increased by increasing the concentration in the electrolyte, keeping the flowrate constant In
the second series, the flux of additive was increased by increasing the flow rate, while keeping the concentration of additive constant. The experimental conditions are summarized in
Table IV-2. The fluxes were computed using the mass transfer correlations developed by
Landau (15). For laminar flow, Landau detennined the average Sherwood number fortransport to an electrode in a duct is

Sh

= 1.85(Re

Sc

Dn l/3
L)

[IV-1]

and for turbulent flow,
0.3

Sh

= 0.095

Re 0·15

Sc

113

[

[IV-2]

D: ]

3. Experimental Procedure .

Immediately prior to a run in the flowcell, the paraffin on the electrode surface was
removed by placing the electrodes into a hot "dirty" cyclohexane bath for - 5 minutes;
another hot "clean" cyclohexane bath for- 1 minute, rinsing in acetone, followed by DI
water.
The electrode was pretreated by submerging it in a beaker of O.lN HCI, and evolving
hydrogen for 10 minutes at 10 rnA/em 2 , reducing any oxides that might have fonned on the
surface. Following this pretreatment, the electrode was rinsed in DI water for 5 minutes, and
then inserted into the flowcell. After insertion, a thin layer (1.25 J.Lm) of Nickel was fonned
at 3 rnA /em 2 for 20 minutes, and a high flowrate (Re

=4500).

ling perfonnance are with respect to this predeposition layer.

All measurements of level-

ISS

Table IV -2. Summary of Important Experimental Conditions

Experiment

Ccoumarill

Re

Flow Direction

mM

<.Ncoumarill >
2

nmollcm s

A-01
A-02
A-ll
A-12
A-21
A-22
A-31
A-32
A-41
A-42
A-51
A-52

0.0
0.0
0.39
0.39
0.79
0.79
1.18
1.18
1.97
1.97
2.95
2.95

1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

transverse
parallel
transverse
parallel
transverse
parallel
transverse
parallel
transverse
parallel
transverse
parallel

0
0
0.79
1.00
1.59
2.00
2.38
3.00
3.97
5.00
5.95
7.50

A-01
A-02
B-01
B-02
B-11
B-12
B-21
B-22
B-31
B-32

0.0
0.0
0.79
0.79
0.79
0.79 .
0.79
0.79
0.79
0.79

1000
1000
500
500
2000
2000
3000
3000
4000
4000

transverse
parallel
transverse
parallel
transverse
parallel
transverse (turb.)
parallel (turb.)
transverse (turb.)
parallel (turb.)

0
0
1.26
1.59
2.00
2.52
3.35
4.12
4.15
5.12

The purpose of "predeposition layer" is twofold: i) preliminary experiments indicated
that it improved deposit adherence, and ii) hydrogen bubbles were found to form less easily
on the nickel layer than on the gold covered silicon surface. Following this step, the electrolyte used for predeposition was removed, and 2.5 liters of electrolyte with proper concentration of additive was loaded into the reservoir. Electrodeposition was then carried out at a
current density of 10 mA/cm 2 for 58 minutes 12 seconds, enough time to plate an average of
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12.5 microns (one half the notch depth) on the planar surface.

4. Observation of Deposit

Profilometry was used to characterize the electrode surface after deposition. The
Talysurf-10 surface analyzer used for this purpose is shown in Figure IV-9 and IV -10.
Traces were taken at several places on the electrodes as shown in Figure IV -11. For
transverse flow, traces were taken at three locations, all in the direction of flow. For parallel
flow, traces were taken five distances down the electrode in the direction of flow. The traces
were used to determine notch depth. Two other traces taken perpendicular to the direction of
flow were used to determine the thickness of the deposit. Using the software TSI087 (14)
supplied by Rank-Taylor-Hobson for use with the surface analyzer, the profile traces were
digitized, stored and analyzed. The depth of a notch was determined by measuring the
roughness parameter R1 in the viciriity of each groove as shown in Figure IV-12. The thickness of the deposit was found by the difference between the trace of the nickel surface and
the trace of the silicon surface after the nickel deposit was removed, shown in Figure IV -13.
The deposits were also photographed using a Nikon optical microscope, and using a
DS-130 SEM. Because the nickel surface tends to form oxides with low conductivity, the
SEM photographs were taken after coating the deposits with a thin layer of gold.

D. Results and Discussion

Typical profiles of the electrode surface for parallel flow (experimental case A-32) and
transverse flow (case A-31), are shown in Figures IV-14 and IV-15. Optical photos of the
leading and trailing edges of the electrode are shown in Figures IV-16 and IV-17, while SEM
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CBB-9011-9315-A

Figure IV -9. Profilometer
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CBS- 90 11-9311-A

Figure IV-10. Profilomctcr Stylus and Electrode
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Figure IV-11. Location of Profi1ometer Traces on Electrodes
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XBL 9012-3927

Figure IV -12. Measurement of Notch Depth:
R1 in the vicinity of a Notch
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Figure IV-13. Measuring Deposit Thickness By Difference
Using the insulator to line up the two traces shown in (a), the difference between the two
may be used to detennine the deposit thickness shown in (b). Note that the Y axis is greatly
expanded in comparison to the X axis.
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micrographs are shown in Figures IV-18 and IV-19. Both for parallel and transverse flow,
the shape of the notch after deposition is initially U-shaped, becommg V-shaped farther down
the electrode. In the parallel flow case, the groove becomes deeper, while in transverse flow,
the groove becomes shallower farther down the electrode.
After recalling the theory presented in Chapter III, the following explanation seems
reasonable. The more efficient levelling for transverse flow is caused by the differences in
bo~dary

layer contours. For transverse flow, the boundary layer was idealized as planar,

-

while for parallel flow, it was described as following the profile. The flat boundary layer is
more efficient at levelling because of the greater differences in distance between the bulk
solution side of the boundary layer and the "peaks" and "valleys" on the surface.
Another interesting feature is the asymmetry in the profile of the first groove for
transverse flow. This might be caused by variations in the mass transfer boundary layer
between the leading and trailing comers of the groove.
The notch depths obtained for the series of experiments where the flux was raised by
increasing the coumarin concentration are summarized in Figure IV -20; while in Figure IV21 , the results are shown for raising the flux by decreasing the boundary layer thickness
(increasing the Reynolds number). Notice that when there is no cownarin present, the

notches are of a nearly uniform depth at all locations down the length of the electrode, and
the depth does not appear_to depend on the orientation of the flow with respect to the
grooves. This confirms that electrodeposition of the nickel ion is not limited by mass transport.
When the concentration of coumarin is low (Ccowmarin = 0.39 mM, and 0.79 mM in
Figure IV -20) or the boundary layer thickness is large, and the flow is laminar (Re

= 500 or

2000 in Figure IV-21) the grooves on the leading edge of the electrode are levelled faster
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Figure IV-14. Parallel Aow Deposit Profiles
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Figure IV -15.
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XBB- 9011-9835
Figure IV -16. Photographs of Nickel Deposit.
Experimental conditions: parallel flow, i= 10 mA/cm 2 , t= 59 min 12 sec, Ccoumarin = 1.18
mM, Re = 1000. The deposit is thicker at lhe trailing edge, and the grooves shallower.
Grooves are spaced 5 mm apart. The leading edge grooves arc U-shapcd, and very reflecti ve,
while lhc trailing edge grooves are V-shaped, and not as reflective.
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Figure IV -17. Photograph of Nickel Deposit

Experimental conditions: transverse flow, i = 10 rnA /em 2 , t= 59 min 12 sec, C cownarin = 1.18
mM, Re = 1000. Notice the scratch from the profilometer stylus in the lower photograph.
More material deposited on the trailing edge, hence the grooves are shallower there.
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XBB- 9011-9838
Figure IV-18. Micrographs of Nickel Deposit.
Experimental conditions: parallel! flow, i= 10 mA/cm 2, t= 59 min 12 sec, Ccoumarin = 1.1
mM, Re = 1000. Better smoothing occurs at the trailing edge, where the deposit is thicker
Marks from the profilometer stylus are apparent in the lower micrograph.
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Figure IV-19. Scanning Electron Micrographs of Nickel Deposit.
Experimental conditions: transverse flow, i= 10 mA/cm 2 , t= 59 min 12 sec, Ccaumarin =1.18
mM, Re = 1000. Marks from the profilometer stylus are visible in both pictures. Better
smoothing occurs at the trailing edge, where the deposit is thicker.
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than those on the trailing edge for both the parallel and transverse orientations. This seems
reasonable because the mass transfer boundary layer is thinnest on the leading edge, and
thickest on the trailing edge. Thus, if the metal distribution is uniform, better levelling will
be obtained on the leading edge.
For smaller boundary layer thicknesses and in turbulent ftow (Re= 3000, 4000 in Figure IV-21), the groove depth appears to be fairly unifonn; however, for larger concentrations
of coumarin (1.18 mM, 1.96 mM, and 2.95 mM in Figure IV-20) levelling behavior is
observed that is opposite that for the lower concentration cases. the grooves in the trailing
portion of the electrode are levelled faster than those in the leading portion. Again, this
-

might occur because there is more coUITUlrin arriving on the leading edge of the electrode in

comparison to the trailing edge. Consequently, the electrodeposition reaction is more inhibited on the leading edge in comparison to the trailing edge. Thus, the current density will
be smaller on the leading edge, and little metal will be deposited there, hence only a small
amount of levelling will be observed. On the trailing edge however, the current density will
be larger, and hence more metal will be deposited there, and thus more levelling will be
observed. This conjecture may be verified by measuring the deposit thickness on the electrod e.
The deposit thickness as a function of the distance down the electrode in the direction
of flow is shown in Figure IV-22 for the transverse ftow orientation, and in Figure IV-23 for
parallel ftow. The results displayed in Figures IV-22 and 23 are for the series of experiments
where the coumarin ftux was increased by increasing the bulk concentration. Similar results
/

.

are shown in Figures IV-24 and 25 where the coumarin ftux was increased by decreasing the
-

boundary· layer thickness (increasing the Reynolds number). The spikes near notches (shown
in Figure IV-13) have been removed here to facilitate observation of the deposit thickness in
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the fiat regions of the electrode in between grooves. Notice that as the bulk concentration of
coumarin is increased, the deposit becomes nonunifonn (for Cc0 _,u. = 0.39 mM). For
larger concentrations of coumarin, relatively more material is deposited on the trailing edge of
the electrode. Similarly, as the boundary layer thickness is decreased by raising the ftowrate,
the metal distribution becomes nonunifonn in an analogous fashion.
If the thickness of the deposit is a good measure of the current distribution, the
hypothesis of the preceding paragraph would be verified; however, another explanation is also
possible. Variations in the flux of additive along the electrode might modify the local current
efficiency for electrodeposition, thus resulting in a metal distribution similar to that shown in
Figures IV-22 through 25. That is, coumarin may block meral·electrodeposition, but not
other reactions such as coumarin reduction or hydrogen evolution; hence, where the flux of
additive is large, the current efficiency for metal electrodeposition will be small.

This would be a very different mechanism for levelling than the simple geometric
blocking assumption used in Chapter III. If the fonner mechanism were correct, a greater
deposit thickness on the trailing edge of the. electrode would be observed with the presence of
additive than without, and there would be no change in current efficiency. On the other
hand, if the latter mechanism is the correct one, a greater deposit thickness would still be
observed on the trailing edge than the leading edge, but the trailing edge thickness would not
be larger with the presence of additive than without Because the deposit thickness on the
-

trailing edge in our experiments is only somewhat greater with the presence of coumarin
than without, we conclude that coumarin blocks metal deposition, but not other electroreduction reactions. If this is true, the current efficiency should decrease as the flux of additive

increases, regardless of the flow orientation.
Although measuring the current efficiency for metal deposition was not in the scope

•
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of this project, it may be estimated to test the aforementioned hypothesis by using the
profilometry data collected The average current efficiency was computed by dividing the
average by the expected deposit thickness. The current efficiency as a function of the flux of
coumarin (where the flux was raised by increasing the bulk concentration) is shown in Figure
IV-26. The current efficiency as a function of the flux of coumarin (where the flux was
raised by decreasing the boundary layer thickness) is shown in Figure IV-27. In both experi· mental series, the current efficiency decreases from neariy 100 % for zero flux of coumarin to
'
nearly 60 % for fluxes larger than 4 nmol/cm 2s. In the series of experiments where the coneentration of coumarin was varied, the current efficiency appears to increase slightly as the
flux increases. On the other hand, in the series where the flowrate was raised to increase the
flux, the current efficiency increases near the transition

f~m

laminar to turbulent flow, and

then decreases again, as the flux increases in the turbulent flow regime.
The average notch depth as a function of the average flux of coumarin to the electrode
is shown in Figures IV-28 and IV-29. In Figure)V-28, the results of experiments where the
flux of coumarin was raised by increasing the concentration are shown, while in Figure IV29, the flux was raised by increasing the Reynolds number. From Figure IV-28, it is
apparent that orienting the flow transverse to grooves results in shallower grooves. Although
metal parts that come from a mechanical machining process do have surfaces with a distinct
direction of waviness, the most general surface will have random scratches on it that prevent
one from taking advantage of the improved levelling performance to be gained by orienting

.

the flow transverse to the electrode grooves.
Quite remarkable behavior is displayed in Figure IV-29. In the laminar flow region,
the levelling performance increases as the flow rate is increased for parallel flow, while the
'

performance is already at a plateau for transverse flow. However, in the turbulent flow
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region, the reverse is the case; i.e., the levelling perfonnance plateaus for parallel flow, while
it increases for transverse flow. From Figures IV-27 and 29, it is clear that the deposition behavior is different when the flow is turbulent Although the angular trenches of the surface
were smoothed by metal deposition, the deposit was slightly nodular on the flat portions adjacent to the trenches, as shown in Figure IV-30. It is likely that the nodular deposits obtained
in the turbulent flow regime are not as compact as those obtained during laminar flow. The
noncompactness in turbulent flow will distort the meanings of the profilometric measurements
of current efficiency and average notch depth.

E. Conclusions
Well defined microprofiled electrodes have been manufactured and utilized to investigate the effect of coumarin on nickel electrodeposition into angular trenches for flows
oriented both parallel and

transv~rse

to the grooves. The flux of coumarin was raised in two

different ways: (a) by increasing the concentration of coumarin in the bulk, and (b) by
decreasing the mass transfer boundary layer thickness (increasing the Reynolds number). The
results have been characterized by: (i) the notch depth as a function of the distance down tl'te
electrode, (ii) the deposit thickness as a function of the distance down the electrode, (iii) the
current efficiency as a function of the average flux of coumarin to the electrode and (iv) the
average notch depth as a function of the average flux of coumarin.
In the laminar flow regime, little difference was found between controlling the flux

through the bulk concentration or the boundary layer thickness. In the turbulent flow regime,
nickel fonns nodular deposits in the presence of coumarin. In either case, grooves are _
levelled.

•
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Slightly better levelling was observed for flows oriented transverse than parallel to
grooves. In general, when coumarin was present, the deposit thickness increased in the direction of flow, reaching a maximum at the trailing edge of the electrode. As the concentration
of coumarin was increased, the thickness of the deposit at the trailing edge became greater in
comparison to that at the leading edge. Also, as the average flux of coumarin increased, the
current efficiency decreased, regardless of flow orientation. Thus it appears that coumarin acts
by simultaneously lowering the current efficiency for metal electrodeposition, and blocking
the electrochemical reduction reactions on the electrode.
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LIST OF SYMBOLS

DH
L
Re

Sc
Sh

.

Hydraulic Diameter
Length
Reynolds number for momentum transport
Schmidt number
Sherwood number for mass transport
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CHAPTER V.
LEVELLING CAUSED BY CORROSIVE AGENTS DURING
ELECTRO DEPOSITION

Abstract
The effect of corrosive agents consumed at the tranSport limiting rate on developing

-

microprofiles is characterized as a function of (i) the relative rates of corrosion and electrodeposition, (ii) the relative importance· of ohmic and kinetic resistances in detennining the
current distribution, and (iii) the geometry of the system. Corrosive agents are shown to
blunt sharp features for current efficiencies as high as 99 %. Significant levelling is demonstrated if the current distribution is dominated by charge transfer kinetics, and the rate of corrosion is on the order of the rate of electrodeposition.

A. Introduction

Corrosive chemicals present in the electrolyte during electrodeposition can have a
significant effect on the final electrode shape. Although their presence is undesired because
the current efficiency of the electroplating process is lowered, there are systems in which
their presence is unavoidable. For example, consider the zinc/bromine battery shown
schematically in Figure V-1. There is no membrane available that keeps bromine in the
catholyte completely separated from the anolyte in the zinc compartment; a small flux of
bromine always leaks across the separator, into the anolyte.
The bromine spontaneously reacts with the zinc electrode (1),

Separator

Zinc·
Electrode

Anolyte

Catholyte

mGil ·Bromine
Electrode

XBL 9012-3941

Figure V-1. Zinc/Bromine Battery Schematic
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Br:)(aq) + Zn(s)-+ 3Br-(aq) + :zn++(aq)

[V-1]

so that the Br:) acts as a corrosive agent. In addition, strongly acidic or basic electrolytes
may also dissolve metals during electrodeposition. All of these effects are undesired because
they lower the current efficiency. However, a small concentration of a corrosive agent may
have a beneficial effect on the metal distribution.

Chiu and Selman (2, 3) and Grimes (4)

have observed the flattening of zinc protrusions during electrodeposition of zinc from brominated solutions. These researchers hypothesized that the

~pontaneous

reaction [V -1] causes

smoothing of the microprofile, blunting the fonnation of dendrites or striations; however, no
one has yet solved this type moving boundary problem.
Clearly, a corrosive chemical can alter the metal distribution during electrodeposition;
but the qu_estions remain, how and under what conditions will corrosive agents beneficially
affect the metal distribution? In particular, we are interested in detennining the conditions ·
under which smoothing of the microprofile will occur. In the following, a theoretical model
is presented that describes the changing shape of surface profiles during metal electrodeposition in the presence of a corrosive agent. ·

B. Assumptions

There are two key assumptions used in this model: (1) the corrosive agent is mass
transport controlled, and the transport of this a,gent is in a quasi-steady state, and (2) the corrosive agj!nt reacts spontaneously on the electrode surface.

1. Quasi-Steady State Approximation

A quasi-steady-state approximation is made: changes in the solution to the

..,
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concentration problem as the boundary moves are assumed to occur much more rapidly than
the rate at which the boundary moves. Dukovic (5) has shown this to be a reasonable
approximation because the time constant for deposition,
dnFp,.

't
- _ _...;._
iUp- i MW

[V-2]

which is on the order of 15000 s, is much larger than the time constant for diffusion of the
additive,

[V-3]

which is on the order of 3 s. For the corrosive levelling problem, the ratio 'ttJ4pl'tdif characteristically is on the order of 5000. It is further assumed that the system is initially in a
quasi-steady state, i.e., any initial transients caused by reaction of the corrosive agents prior
to the passage of current are neglected. This assumption is not quite as good because the initial transients observed experimentally can be as long as 240 s.

2. Behavior of Corrosive Agent

In general, a corrosive agent, A- may chemically dissolve a metal,
[V-4]

or electrochemically lower the current efficiency,
[V-5]

In the model presented here, we assume that the corrosive agent reacts instantaneously with

the electrode surface. This is a reasonable assumption for the Zn/Br system; experiments per·
formed by Chiu and Selman (2) indicate that bromine dissolves zinc chemically at the transport limiting rate.
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C. Mathematical Problem Definition
Analysis of simultaneous corrosion and deposition on an electrode in one dimension
will provide insight useful for understanding corrosive levelling in two dimensions. Consider
- the ratio of the rate of metal dissolution caused by chemical corrosion,

of metal electrodeposition, _i-, a
nF

DAc~
~

, to the rate

dimensio~ess entity we shall call the corrosion number,

Cold•

When Co Id is larger than one, the deposition rate is less than the corrosion rate; the net
effect will be dissolution of the electrode. For Cold <1, the deposition rate is larger than the
corrosion rate; the net effect will be deposition onto the electrode.
In two dimensions, both the current density and transpon of corrosive agent vary over

the electrode surface; consequently it is possible for deposition ·and dissolution to occur
simultaneously on different regions of a single electrode, causing significant levelling. The
definition of the corrosion number in this case is

[V-7]

where <i> represents the average current density on the electrode surface, and <OMT>
represents the average mass transfer boundary layer thickness to the surface. When the corrosion number is close to one, simultaneous deposition and corrosion will be taking place on
different parts of the electrode. It should be noted that the value of the corrosion number
will change as time progresses and the shape of the electrode profile evolves.
The corrosion number is related to the current efficiency, e, a common parameter used
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to evaluate electroplating baths, defined as
£ =

ieffective

[V-8]

iapplw.t

where

ieffective

is the current density based on the quantity of metal deposited and the

iapplied

is based on the current applied divided by the electrode area. In the case of corrosive levelling,

ieffective

is the difference between iapplied and the rate of corrosion. Thus, the current

efficiency is related to the corrosion number in the following way,
£

= 1-Co

[V-9]

1. Diffusion Of Corrosive Agent

Laplace's equation for diffusion is solved,
[V-10]

over the geometry shown in Figure V-2. The concentration is made dimensionless with the
bulk value, (c • =c ~ ), and the distance is made dimensionless with the amplitude of the
sine wave, (x • = A). This requires the ftux of corrosive agent to be rendered dimensionless

At the boundary layer, y = OIA, the concentration is set to one

c

=1

[V-11]

Since the corrosive agent is consumed at the mass transport limiting rate, the concentration at
the electrode surface is set to zero,

c

=0

[V-12]

On either side of the domain of interest, symmetry conditions are imposed,
Vc·n

=0

[V-13]
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dc=O

de =0
dn

dn
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Figure V-2. Diffusion Problem Geometry
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This is the equivalent of a primary current distribution problem.

2. Distribution Of Current

To obtain the current distribution, we solve Laplace's equation for potential,
· [V-14]

The potential,

q,,

is nondimensionalized with

sity be made dimensionless with ;•

q,• =RT IF.

This requires that the current den-

= cp*1e I x• =RTK I FA.

The geometry considered is presented in Figure V-3. Far from the electrode surface,
a constant current density nonnal to the surface, i,., is imposed,

Vcp·n = -i,.

[V-15]

At the electrode surface, the current density is detennined by the metal electrodeposition
kinetics. If the corrosive agent has no effect on the electrodeposition kinetics, the charge
transfer may be represented by the Butler-Volmer equation;

-Vcp·n =

1
WaLIN

[exp(aA cp)- exp(--act~~)J

where Wai.JN is the Wagner number for linear kinetics,

•

q

•

x io(aA +ac)

[V-16]

. On either side of the

domain of interest, a symmetry condition will be imposed,

Vcp·n = 0

[V-17]

3. Boundary Movement

nFx*pm

The time is made dimensionless with r* = - - - =
MW ;•

nF 2A 2p
m ,

MWKRT

where MW is the

molecular weight of the depositing metal, and Pm is the mass density of the metal. The
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Figure V -3. Potential Problem Geometry
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boundary is moved according to Faraday's Law, in dimensionless fonn,

dh = -ioEP + Co2d
di

[<i>]

[<~>]
x•
7

Na

[V-18]

where the first tenn on the right represents the rate at which material is deposited, and the
second tenn, the rate at which material is dissolved.

Solutions were obtained for the cases summarized in Table V-1. The characteristic
. quantities used for the base case (A-3) are shown in Table V-2. Four series of runs were
completed. First, for Co2d=l, the relative importance of ohmic and kinetic effects on the rate
of levelling were analyzed by varying WaLIN from 100 to 0.01. Second, the influence of the
nonlinearity of the kinetics was studied by varying <i>li 0 from 0.1 to 10. 1 Third, the effect
of geometry was analyzed by varying the amplitude ratio, AlA, from 10 to 0.5. Fourth, the
relative importance of corrosion in smoothing was studied by varying Co2d from 100 to 0.

D. Solution Procedure
1. Diffusion Equation

. First, the diffusion equation is solved; the important result from the solution is the

1

<i>li 0 is a good measure of the nonlinearity of the kinetics because when the ratio is
small, Butler-Volmer kinetics are well represented by the linear approximation, and when this
ratio is large, the full Butler-Volmer or Tafel expression must be used.
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Table V-1. Summary of Corrosive Levelling
Conditions Studied

Case

Co2d

A-1
A-2
A-3
A-4
A-5

1
1
1
1
-1

-A-3
B-1
B-2

1
1
1

C-1
C-2
A-3
C-3

1
1
1
1

D-1
D-2
A-3
D-3
D-4
D-5

100
10
1
0.1
0.01
0.0

'

AlA.

WC~uN

<i>lio

1
1
1
1
1

100
10
1
. 0.1
,0.01

0.1
0.1
0.1
0.1
0.1

1
1
1

1
,1
1

0.1
1.0
10.

10
2
1
0.5
1
1
1
1
1
1

1
1
.1
1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

1

1
1
1
1
1
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Table V-2. Summary of Characteristic Values
Used for Base Case A-3

Variable

c~
DA
<~>

n

Value
0.0518
0.00001
50

<Xc

2
0.5
0.5

<i>

20.

aA

X•

..

f
l

t•

50
0.02569
193
542.8

Units
M
cm 2/s
~

"

mA/cm 2
~

v

mA/cm 2
s

flux of the corrosive agent arriving at the electrode surface. The diffusion equation can be
solved without knowledge of the solution of the potential problem. The equation is solved
using the boundary element method, with second order basis functions and isoparametric elements. The use of the boundary element method for the solution of potential problems is
well known, and described in Brebbia (6, 7). Double nodes are used at corners, points where
the boundary condition changes from a flux condition to a concentration condition The use
of double nodes in this manner was first proposed by Brebbia (6), and has been successfully
used by Deconinck (8), Du.kovic and Tobias (9), as well as Matlosz et al ( 10). The mesh
used is shown in Figure V-4.

2. Potential Equation

Second,, the potential problem is solved using the boundary element method, with
second order basis functions and isoparametric elements. The potential problem has two
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XBL 9012-3944

Figure V-4. BEM-Mesh Used To Solve Diffusion Problem

types of comers: (i) points where the boundary condition changes from a flux condition to a
concentration condition, and (ii) points where the boundary condition changes from one flux
condition to another flux condition. Tile first type of comer is treated by using a double node,
just like such points in the diffusion problem. At the second type of comer, double nodes
may not be used; they introduce a singularity. To handle this condition, a minute transition
element is inserted

~>Ver

which the flux boundary condition varies linearly from the value on

side to the value on the other side. The use of such transition elements is described by Brebbia (6). The mesh used to solve the potential problem is shown in Figure V-5.

3. Moving Boundary Equation

Third, the boundary is moved--this requires knowledge of the current density at the
electrode surface from solution of the potential problem, and the corrosion rate from the
-- diffusion problem. The finite difference method is applied to solve the moving boundary
equation. To locate the moved boundary, a forward Euler
time step is made, using
/

[V-19]

where M is the thickness plated in the direction n, normal to the surface. Each node is
moved in a direction normal to the boundary; intersections with the segments connecting the
moved set of nodes are then removed, as well as intersections with the boundary. From the
set of moved nodes, new nodes are then located at the identical horizontal locations of the
unmoved nodes. Some errors are introduced by this method: (i) in places where the boundary moves into an insulator, some material is lost, (in this study, at the bottom of the sine
wave); (ii) similarly, in places where the boundary moves away from an insulator, some
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Figure V-5. BEM-Mesh Used To Solve Potential Problem
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material is gained. These errors are neglected in the solution procedure used here. A similar
method for moving boundaries has been used Dukovic and Tobias (9), and by Deconinck,
Maggetto, and Vereeken (8).

E. Results and Discussion
From the mathematical model, we obtain profiles of the surface as a function of time,
as shown in Figure V-6, for case A-3. The time step between the contours shown is 1.84 t •
or 1000 s. It is interesting to observe the simultaneous deposition into the valley and dissolution from the peak of the profile. The final microprofile is much smoother than the initial
sine wave profile. From these contours, the profile amplitude as a function of time is calculated.

1. Ohmic and Kinetic Effects

Shown in Figure V-7 are the amplitude vs. time curves illustrating how ohmic and
kinetic factors influence corrosive levelling. Note that the levelling rate is not linear. Also
observe the approach to two limiting cases, WaLIN=() and WaLIN::oo· Notice that the larger
the Wagner number, the better the levelling obtained. This result is reasonable; the more
kinetic effects dominate the current distribution, the more unifonn it will be. A unifonn
current distribution, coupled witl} the nonunifonn corrosion rate distribution, will result in the
most rapid rate of levelling. As the Wagner number decreases, less levelling is obtained.
This is also reasonable because as the current distribution approaches primary, the deposition
rate will be locally matched by the corrosion rate over the entire electrode. The microprofile
will not move significantly in this case, as may be observed in Figure V-8, which shows the
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Figure V-6. Surface contours as a function of time for deposition at a current
efficiency of 0 %, and WaLIN =1 (Case A-3).
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final profile contours after 11.05 t* (6000 s) for WaLIN

= 100, 10, I, 0.1, and 0.01, (cases

A-1, A-2, A-3, A-4, and A-5).
The effects of increasingly nonlinear charge transfer kinetics are shown in Figures V-9
and V-10. As the kinetics approach the linear limit (<i>li 0 < 1) the current distribution is
more unifonn, and better levelling is obtained. As the kinetics become increasingly nonlinear, the current distribution becomes more nonunifonn, approaching the primary current
distribution as <i >li 0 goes to infinity; the rate of levelling consequently decreases.
2. Geometric Effects

The smoothing of a sharp (A/)..;:::.0.5) sine wave is displayed in Figure V-11; contours
are shown after every 0.921 t • (500 s). The depth of the profile as a function time is shown
in Figure V-12 for cases C-1, C-2, A-3, and C-3. In general, we observe that sharp features
become smooth faster than dull features; this can be understood by recognizing that the
sharper the microprofile feature, the greater the local corrosion rate, and hence the greater the
/

smoothing of that feature.
It is also interesting to note from Figure V-12, that although the rate of smoothing for
A/)..;:::.0.5 is initially larger than that for A().. = 1.0, the final profile for A/),;=0.5 has a larger

depth than the final profile for A/)..;:::.1.0. This remarkable behavior has occurred because the
sharp feature of the A/)...=0.5 case was quickly blunted into a broad dull feature that blocks
the flow of current into the narrow valley, as shown in Figure V-11.

3. Corrosive Effects

Shown in Figure V-13 are the amplitude vs. time curves for Co 2d = 100, 10, 1, 0.1,
0.01, and 0.0. ~Figure V-14, the final moving boundaries after 3.68

r· (2000 s) are shown
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for Co2d

= 1, 0.1, 0.01, and 0.0 (cases A-3, D-3, D-4, and D-5).

The contoursfor Co2d

=

10 and 100 are not shown because for these cases corrosion is the dominant process; the final
contours are fiat,

imd well below the initial surface.

As expected. for Co 2d larger than one, corrosion occurs at a faster rate than deposition. and for Co2d smaller than one, deposition occurs faster than corrosion. Notice that for
small corrosion numbers, the effect of the corrosive agent is only apparent on the tip of the
developing profile. Even though there is more deposition than corrosion, there is still a
beneficial effect caused by the corrosive agent for current efficiencies as high as 99%.

4. Zinc/Bromine Battery (:harging

From the analysis of the abstract problem of corrosive levelling, we move to a discussion of the implications for a more ,practical problem, the charging of a zinc/bromine battery.
Two of the more interesting phenomena that are observed during zinc deposition are the formatiop of striations and dendrites, both· undesirable; In both cases, the mechanism for the
formation is not sufficiently well understood to be analyzed by a model of the type presented
here. The overall rate of zinc electrodeposition is a complex function of the overpotential,
crystal face, and rate of transpon of various ions in the bulk solution to and from the
electrode/electrolyte interface (12, 13).
Nevertheless, the experimental observations of blunt dendrites and striations by Chiu
and Selman (3) and -Grimes (4) are in qualitative agreement with our model. In a
zinc/bromine battery during charging t¥Pical current efficiencies are on the order of 90 %,
which means Co2d =0.1. In this case, our model indicates that any sharp features that may
form (such as dendrites) should be blunted by the corrosive effect of bromine, but not eliminated.
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F. Conclusions
During electrodeposition, the influence of mass-transport-rate limited corrosive agents
on the evolution of surface microprofiles has been modelled. The ratio of the rates of corrosion to deposition. the corrosion number, provides a means for detennining the influence on
the microprofile of the corrosive agent If Co2d is less than one, the corrosion rate is less
than the deposition rate; there will be a net deposition of material. The surface will advance,
and perhaps become rougher, but sharp features will be blunted in comparison to dejx>sits
obtained from electrolytes without the corrosive agent. In other words, the sharpness of
developing surface features will be dulled but not eliminated.
When the corrosion number is greater than one, the corrosion rate is greater than the
deposition rate; there will be a net dissolution of material. The surface will dissolve and
become smoother.
If Co2d is very close to one, the rate of corrosion is nearly equal to the rate of deposition. The evolution of the surface profile in this case is governed by relative importance of
ohmic to kinetic effects in detennining the current distribution. No net movement of the surface will occur if the current distribution is dominated by geometric or ohmic effects. The
rate of dissolution will be matched everywhere by the rate of deposition. However, if the
charge transfer reaction taking place on the electrode surface is the largest resistance to the
flow of current, the rate of dissolution will be higher on sharp protrusions and lower in narrow valleys, while the rate of deposition will be unifonn. The surface will rapidly become
smooth.
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· LIST OF SYMBOLS

A

c
Co

d
D
F
h
i
MW

n
n
t

amplitude of sine wave
concentration of corrosive agent
corrosion number, ratio of corrosion rate to electrodeposition rate
notch depth
diffusivity
Faraday's constant
thickness of deposit
current density
molecular weight of metal
number of electrons used to reduce one metal ion
unit nonnal to surface
time
Greek Letters

a

o

e
11
1C

A.
p
't

ell

charge transfer coefficient
mass transfer boundary layer thickness for inhibitor
current efficiency
overpotential
conductivity
wavelength
density
time constant
potential
SUBSCRIPTS

0
ld
2d

a
applied
A

c

c
dep
dif
effective
LIN
m

MT

n

exchange current density
1 dimension ·
2 dimensions
corrosive agent
i based on current applied divided by electrode area
anodic
constant
cathodic
deposition
diffusion
i based on quantity of metal deposited
Wagner number for linear kinetics
metal
Mass Transfer
nonnal

..
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SUPERSCRIPI'S
,bulk

*

bulk value

nondimensionalization constant
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CHAPTER VI.
LEVELLING CAUSED BY PERIODIC CURRENT REVERSAL

.
Abstract

The effect of periodically reversing the current on smoothing electrode surfaces is
investigated for the special case where: (i) the same quantity of charge is passed in both
anodic and cathodic direction and (ii) the duration of each current pulse is much larger than
that of any transients. The influence of the number of cycles, the ratio of anodic and
cathodic current densities, and the ratio of anodic and cathodic Wagner numbers are investigated. It is demonstrated that the maximum possible levelling rate occurs in the limit where
during the anodic pulse primary distribution of current prevails, while during the cathodic
pulse the resistance to charge transfer dominates and hence the distribution is unifonn. In
general, levelling will occur if the ratio of the cathodic to anodic Wagner numbers is larger
than one, and roughening if the ratio is smaller than one.

A. Introduction

Periodic reversal of the current has been used to improve the current distribution,
composition and morphology in electrodeposition (1, 2). Much theoretical and experimental
work has been devoted to investigating the effects of pulsed current conditions on the deposiL
\

contours. Reviews on pulse plating have been written by Landolt (3) and by Despic and
Popov (4). Later, Dossenbach (5) reviewed the physical principles and literature on current
distribution in pulse plating. Dukovic (6) has most recently surveyed the literature in this
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area.
To understand how periodically reversing the current might improve the metal distribution, consider the sinusoidal profile shown in Figure VI-1. At first, a relatively large constant anodic current density is passed so that the current distribution is dominated by
geometric effects. The current density will be higher on the peaks than the valleys of the
profile; thus, during the anodic pulse, the profile becrimes smoother at a fast rate corresponding to dissolution under primary current distribution conditions. Following the anodic pulse,
a cathodic pulse is passed at low current density; the current distribution is now dominated
by the resistance to charge transfer at the electrode surface. Because the current density will
be nearly uniform, the profile levels at the "geometric" rate. As shown schematically in Fi_gure VI-1, the final surface profile will· be much smoother than the initial profile ..
Previous work has addressed cases where the current reversal cycle frequency was
very high, on the order of 0.25-100 cycles per second {7, 8). The analysis presented here
focuses instead
on low frequencies, cases where the current pulses are sufficiently long that
/
transients can be neglected. The work is further limited to conditions where the same quantity of charge is passed cathodically and anodically, i.e. there is no net deposition or dissolution.
The current distribution during de electrodeposition can be characterized by the
Wagner number,

[VI-I]

where

1C

is the conductivity, Tla is the kinetic overpotential, i is the current density, and L is

the length. In the case of periodic current reversal, the ratio between the cathodic and anodic

221

.
1) Initial

Surface-~

50

3) After

40
30
Y (urn)
20

10

0

0

10

20

30

40

50

X (urn)
XBL 9012-3955

Figure VI-1. Smoothing By Periodic Current Reversal
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Wagner numbers,

W~,

provides a measure of the smoothing that may be obtained,
Wacathodic
WaPCR = - - - Wa.nodic

The highest possible rate of levelling is obtained when

[VI-2]
W~

is infinite. If WaPCR is

close to one, little change will occur on the profile as the current as pulsed. The highest rate
of roughening occurs for WaPCR equal to zero, which corresponds to plating at high current
density and dissolving at low current density.
Differences between the Wagner number for the anodic pulse and that for the cathodic
pulse may be caused by differences in:·(i) current density, (ii) exchange current density, or
(iii) charge transfer coefficients. The electroplater has direct control of the current density,

and may purposefully plate at a low current density and dissolve at a high current density,
causing smoothing of the surface. Also, through the use of additives, the practitioner has
some control over the exchange current density; the electrodeposition process may be inhibited, while the dissolution process is not.
/

B. Mathematical Problem Definition
1. Distribution of Current

When the effect of transients and mass transpon may be neglected, and the conductivity has a unifonn value, the current distribution is detennined by the solution to Laplace's
equation for potential,
[VI-3]

The potential,«!>. is nondimensionalized with c~>* = RTIF. This requires that the current density be made dimensionless with i* = ci>*K 1 x· = RTK 1 FA.
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The geometry considered is shown in Figure VI-2. Far from the electrode surface, a
constant anodic or cathodic current density normal to the surface, ic , is imposed,
· [VI-4]
At the electrode surface, the current density is determined by the metal deposition kinetics.
The charge transfer kinetics may be represented by the Butler-Volmer equation,

-Vc\)·n =

l
(exp(aA c\)) - exp(-<Xcc\))J
WaLIN L.

where WaLIN is the Wagner number for linear kinetics,

•

[VI-5]

9 • . . It should be noted

X io(aA+ac)

that the Butler-Volmer equation reduces to the Tafel equation in the.limit of large values for
the potential. On either side of the domain of interest, a symmetry condition will be
imposed,

Vc\)·n = 0

[VI-6]

2. Boundary Movement
Fx*p
nF 2A 2p
·
·
d
d
d"
·
nl
"th
•
n
m
·
= - - - -m, where MW Is
The time ts reo ere Imensio ess WI t =
MW i*
MWKRT .

the molecular weight of the depositing metal, and Pm is the mass density of the metal. The
boundary is moved according to Faraday's Law, in dimensionless form,

..

-dh = - l.

dt

= ·v"'
"'·n

where h is the thickness of material plated in the direction normal to the surface.

[VI-7]
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Figure VI-2. Potential Problem Geometry
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3. Cases Studied

Solutions were obtained for the cases summarized in Table VI-1. Three series of runs
were made. For series (A), where levelling caused by PCR proceeds at the maximum rate,
the effect of varying the number of_ time steps was investigated for a constant total quantity
of charge passed. For series {B), the influence of periodically reversing the current density
between high and low values was characterized. Last, for series (C), the effect of having
different Wagner numbers for anodic and cathodic pulses was evaluated. The constants used
to render the problem dimensionless are summarized in Table VI-2.

C. Solution Procedure
l.Po~nnalEquation

First, the potential problem is solved using the boundary element method (BEM), with
second order basis functions and isoparametric elements. The potential problem has two
types of comers points: (1) points where the boundary condition changes from a flux condition to a concentration condition, and (2) points where the boundary condition changes from
one flux condition to another flux condition. The first type of comer point is treated by using
a double node, just like such comer points in the diffusion problem. At the second type of

..

comer point double nodes may not be used; double nodes introduce a singularity. To handle
this condition, a minute transition element is inserted over which the flux boundary condition
varies linearly from the value on side to the value on the other 'side. The use of such transition elements is described by Brebbia (9). The mesh used to solve the potential problem is
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Table VI-1. Problem Conditions (A) Variations In Number Of Cycles Of Periodic Current Reversal
Total Anodic Charge Passed: 8 C/cm 2
Equivalent Current Density = 10 mA /em 2
Case

wa.nodic

Wlicathodic

Wapa

A-1
A-10
A-100

0
0
0

00

00

00

00

00

00

No Of PCR Cycles
..-

1
10
100

(B) Variations In Anodic and Cathodic Current Density

Charge Per Pulse=BO Clem 2
10 Cycles of Periodic Current Reversal

Case
B-2
B-5
B-10

W&lanodic

0.7071
0.4472
0.3162
/

Case
C-2
C-5
C-10

w&lanodic

0.7071
0.4472
0.3162

W licathodic
1.414
2.236
3.162

WaPCR
2
5
10

itiiiOdic
iiUIOdic

mA/em
44.72
70.71
100

icalhodit:
2

mA/em 2
22.36
14.14
10

icathodic

2
5
10

(C) Variations In Kinetic Parameters
Charge Per Pulse=BO Clem 2
10 Cycles of Periodic Current Reversal,

W licathodic
1.414
2.236
3.162

WaPCR
2

5
10

iiUIOdic
iiUIOdic

icalhodit:

mA/em 2
44.72
70.71
100

mA/cm 2
44.72
70.71
100

icathodit:

1
1
1
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Table ·VI-2. Nondimensionalization Constants
Parameter
•

X•

••..
l

t•

..

Value

50
25.69
31.62
3363

J.llil
mV
mA/cm 2

s
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Figure VI-3. Potential Problem Mesh
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shown in Figure VI-3.

2. Moving Boundary Equation

..

Second, the boundary is moved; this requires knowledge of the current density at the
electrode surface from solution of the potential problem. The finite difference method is
applied to solve the moving boundary equation. To locate the moved boundary, a forward
Euler time step is made, using
M = Vcp·n !ll

[VI-8]

Each node is moved in a direction nonnal to the boundary. Intersections with the segments
connecting the moved set of nodes are then removed, as well as intersections with the boundary. From the set of moved nodes, new nodes are then located at the identical horizontal
locations of the unmoved nodes 1•
Some errors are introduced by this method: (i) in places where the boundary moves
into an insulator, some material is lost, (in this study, at the bottom of the sine wave); (ii)
similarly, in places where the boundary moves away from an insulator, some material is
gained. These errors are neglected in the solution procedure used here. A similar method for
moving boundaries has been used by Dukovic and Tobias (10), and by Deconinck, Maggetto,
and Vereeken (11). The program used to carry out all the calculations required to solve the
model is described in appendix C.

1

A more complete description of the algorithm is presented in Chapter III.
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3.Current Reversal

For each time step, the potential problem is solved, the current distribution determined, and then the electrode surface is moved. This procedure is repeated until the required
quantity of charge has passed for the anodic pulse. The sign of ic is then reversed (and
scaled if required), and the procedure repeated for the duration of the cathodic pulse. This
constitutes one PCR cycle of an anOdic pulse followed by a cathodic pulse. Eighty time
steps were used for each pulse. The time step, 61, was selected to be the largest one that
gave solutions within 0.01 % of those found for a quartered time step, !lt/4.

D. Results and Discussion
1. Maximum Levelling Rate

The first series of simulations investigated the effect of number of PCR cycles for the
maximum obtainable levelling rate. (This is the case when current distribution for anodic
dissolution Is primary, and the distribution for deposition is uniforin.) In Figure VI-4, the
amplitude of the profile is plotted as a function of the anodic charge passed for run series A,
for several different values of the charge per pulse (8, 0.8, and 0.08 Clem 2). The profiles
rapidly become level. Most of the smoothing for PCR occurs during the dissolution step,
when the current distribution is most nonuniform, and there are large differences in the local
current density between peaks. and valleys. Notice that there is little or no difference in the
rate at which the profile smooths as a function of the number of cycles passed (i.e. various
charges per pulse) as long as the total anodic charge passed is the same. Thus the length of
each anodic and cathodic pulse is not relevant (as long as transients may be neglected), but

,
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the ratio is.

2. Variations in Applied Current Density

Second, the effect of differing magnitudes of the anodic and cathodic current pulse
were studied. Shown in Figure VI-5 is a characteristic applied current density wavefonn as a
function of time for series (B). The important aspect to notice is that the anodic current density is alway higher, and passed for a shorter period of time, than the cathodic current density, even though the same quantity of charge is passed cathodically and anodically.
Displayed in Figure VI-6 are the evolving surface profiles as a function of the number of
cycles for case B-10. Shown in Figure VI-7 is the aml?litude as a function of the cumulative
charge passed for cases B-2, B-5, and B-10. Notice that the larger WaPCR, the more levelling is obtained for the same quantity _of charge passed. This seems

reasonab~e

because as

..

the ratio of current densities increases, kinetic effects become more important during deposition compared to kinetic effects during dissolution. Also observe that even for WaPCR =10
(case B-10), significantly more charge must be passed to achieve the same levelling when
compared to WaPCR :::=o for case A-10 which represents the maximum obtainable levelling.

3. Variations in Kinetic Parameters

Last, the influence of differing Wagner numbers for the anodic and cathodic pulses
was investigated. Shown in Figure VI-8 is the applied current density wavefonn for a typical
series (C) case. The important thing to note is that unlike the waveform for series (B), the
same current density is passed both anodically and cathodically and both pulses have equal
duration. The difference in the Wagner numbers for series (C) is caused by fundamental

differences in the process governing deposition and that governing dissolution. As discussed
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previously, such differences may be represented by differences in charge transfer coefficients
or exchange current densities between dissolution and deposition. Evolving contours for case
C-10 are shown in Figure VI-9. Plotted in Figure VI-10 is the amplitude of the profile for
cases C-2, C-5, and C-10 as a function of the cumulative charge passed. Similar to cases B-

)

2, B-5, and B-10, more levelling is obtained for larger Wapa. Again, analogous to case B10, for WaPCR=10 (case C-10), the levelling rate is still far less than the maximum obtainable
rate (case A-10). Since the levelling behavior observed·is similar for both series of simulations B and C, but the difference in the Wagner numbers for anodic and cathodic pulses are
caused by changes in different resistances (ohmic resitances for series B and kinetic resistances for series C), the use of WaPCR seems to provide a reasonable and quantitative measure for predicting, analyzing, and comparing the behavior of electrochemical systems with
periodically_reversed current.

E. Conclusions

When the same quantity of charge is passed both anodically and cathodically,

an~

the

duration of the current pulses is large with respect to the duration of transients, smoothing of
a surface with no net deposition or dissolution of material may be achieved. The maximum
obtainable levelling· rate occurs when the current distribution for anodic dissolution is
·~

governed by ohmic effects (a primary current distribution), and the current distribution for ·cathodic deposition is dominatedby kinetics, (a secondary current distribution that is nearly
unifonn).
'

Whether.a given system will smooth under periodic current reversal conditions may
detennined by evaluating Wa.nodic and W<lcathodic· When the ratio of these parameters
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Figure VI-10. Profile Amplitude vs. Cumulative Charge Passed
For Cases C-2, C-5, and C-10
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(WaPCR

=W3camodic1Wllanodic) is greater than one, smoothing of the surface will occur

beCause ohmic effects will dominate the cathodic current distribution more than the anodic
distribution The larger We1pa_ , the faster the surface will smooth. When the ratio is less
than one, the surface will roughen
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LIST OF SYMBOLS

A
D
F

h
i
~.

MW

n
n

t
Wa

amplitude of surface profile
diffusivity
Faraday's constant
thickness of deposit
current density
molecular weight of metal
number of electrons used to reduce one metal ion
unit nonnal to surface
time
Wagner number (ratio of kinetic resistance to ohmic resistance)
Greek Letters

a

11
1C

A.
p
<I>

charge transfer coefficient
overpotential
conductivity
wavelength
density
potential
SUBSCRIPrS

0
A

c

c
LIN

m
n
PCR

exchange current density
anodic
constant
cathodic
Wagner number for linear kinetics
metal
nonnal
periodic current reversal
SUPERSCRIPTS

*
•

.

nondimensionalization constant
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CHAPI'ER Vll.
SUMMARY AND CONCLUSIONS

The problem of predicting the evolution of surface profiles during electrodeposition is
important in many manufacturing processes. The distribution of current governs the change
of shape during electrodeposition; consequently, many experimental and theoretical methods
have been applied to detennine current distributions. In this dissertation, theoretical analysis
of moving boundaries presented here has focused on the levelling of microscopic surface contours. In particular, the following areas have been considered:

1) levelling in the presence of inhibitors,
2) levelling in the presence of corrosive agents, and
3) levelling caused by periodic current reversal.

In many of these levelling problems, the transport of minor species to the electrode

surface can have a profound affect on the development of the microprofile. Thus, a theoretical investigation of the role of recirculation in the convective mass transport of additives to a
notch was undertaken. The effect of Couette and Poiseuille flows passing by a microscopic
angular notch was calculated using the finite element method. Recirculation regions were
characterized as a function of Reynolds number, notch angle, and depth. The increase in
transport rates caused by convective eddies was assessed relative to the pure diffusion case,
for boundary layer thicknesses equal to, or one ninth as large as the notch depth. Secondary
flows were shown to noticeably enhance transport into microscopic trenches only at high
Peclet numbers, i.e. at very high flow velocities.
Levelling of a microprofile can occur when an inhibitor is consumed on an electrode
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at the mass transport limiting rate; on the peaks of a microprofile, where the inhibitor has
greatest access to the surface, the electrodeposition reaction is more inhibited (i.e. the kinetics
are less favorable) than in the valleys. Consequently, more metal plates in the valleys than
on the peaks. The electrodeposition of nickel into an angular trench in the presence of coumarin, an inhibitor, has been simulated using boundary layer approximations for ftow parallel
and transverse to the groove. The dependence of the developing contours on variations in the
Langmuir coefficient and current density was investigat¢. Satisfactory agreement
,, was
found between the model equations, solved using the boundary element method, and the
experimental results of previous investigators. It was predicted that better levelling performance would be obtained if the microscopic surface waviness is oriented peq>endicular to the
convective ftow, and that-for surface roughness oriented parallel to the ftow, there is an
optimum boundary layer thickness, or ftux of additive, which results in superior levelling performance.
To test this hypothesis, an experimental study of levelling caused by inhibitors was
performed. The experiments used profilometry and photomicrography to obtain the current
distribution on novel microprofiled electrodes in two orientations with respect to the ftuid
ftow. Well defined microprofiled electrodes have been manufactured and utilized to investigate the effect of coumarin on nickel electrodeposition into angular trenches for ftows
oriented both parallel and transverse to the grooves. The ftux of coumarin was raised in two
different ways: (a) by increasing the concentration of coumarin in the bulk, and (b) by
decreasing the mass transfer boundary layer thickness (increasing the Reynolds number). The
deposits have been characterized by. measuring: (i) the notch depth as a function of the distance down the electrode, (i~) the deposit thickness as a function of the distance down the
electrode, (iii) the current efficiency as a function of the average ftux of coumarin to the
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electrode and (iv) the average notch depth as a function of the average flux of coumarin.
In the laminar flow regime, slightly better levelling was observed for flows oriented

transverse than parallel to grooves. In general, the presence of coumarin caused the deposit
thickness to increase in the direction of flow. As the concentration of coumarin was
increased, the deposit thickness at the trailing edge became greater in comparison to that at
the le'ading edge; moreover, as the average flux of coumarin was increased, the current
efficiency decreased, regardless of flow orientation. From these observations, it was con-,
eluded that coumarin acts by simultaneously loweting the current effidency for metal electrodeposition, and blocking the electrochemical reduction reactions on the electrode.
Even if an additive is not an inhibitor, it may still cause smoothing of the surface during electrocrystallization. For example, in a zinC/bromine battery, some bromine always leaks
across the membrane separating the bromine catholyte from the zinc anolyte. During charging of these cells, the electroplated zinc has a different, smoother morphology than zinc electroplated in the same anolyte, but without the bromine. A theoretical analysis (using the
boundary element method) of levelling caused by corrosive agents during electrodeposition
has been presented. The effect of corrosive agents consumed at the transport limiting rate on
developing microprofiles was characterized as a function of (i) the relative rates of corrosion
and electrodeposition, (ii) the relative importance of ohmic and kinetic resistances in determining the current distribution, and (iii) the geometry of the system. Corrosive agents were
shown to blunt sharp features for current efficiencies as high as 99 %. Significant levelling

..

was demonstrated if the current distribution is dominated by charge transfer kinetics, and the
rate of corrosion is on the order of the rate of electrodeposition.
There are other methods for ,obtaining level surfaces without the use of additives.
When the cathodic deposition process is inhibited with respect to the anodic dissolution
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process, it is possible to level the microprofile. Such is the case when periodically reversing
the current, plating first at a low current density, and then dissolving at a high current density. The effect of periodically reversing the current on smoothing electrode surfaces was
investigated for the special case where: (i) the same quantity of charge is passed in both
anodic and cathodic direction and (ii) the duration of each current pulse is much larger than
that of any transients. The influence of the number of cycles, the ratio of anodic and
cathodic current densities, and the ratio of anodic and cathodic Wagner numbers was investigated. It was demonstrated that the maximum possible levelling rate occurs in the limit
where during the anodic pulse primary distribution of current prevails, while during the
cathodic pulse the resistance to charge transfer dominates and hence the distribution is uniform. In general, levelling was shown to occur if the ratio of the cathodic to anodic Wagner
numbers is larger than one, and roughening if the ratio is. smaller than one.·
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APPENDIX A.
ROTAMETER CALffiRATION

•

The rotameter was calibrated by measuring the time for 1 liter of electrolyte to be .
pumped from one reservoir through the ftowcell to another reservoir. The kinematic viscosity
of the electrolyte was measured using an Uebelholde viscometer, and found to ·be 1.07155 cs.
From this infonnation, and the hydraulic diameter of the ftowcell, it is possible to compute
the Reynolds number for the bulk ftowrate, and thus correlate it to the rotameter reading
(FR).

Re = -457.2 + 281 FR
and is_graphically compared to the data in Figure A-1.

[A-1]
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APPENDIX B.
SOME OBSERVATIONS OF STRESS CAUSED BY ADDITIVES
IN COPPER ELECTRODEPOSITS

Several attempts were made to obtain levelling data on the copper/thiourea system
using the microprofiled electrodes. In general, uniform adherent deposits of copper were easy
to obtain without the presence of the additive thiourea. However, when thiourea was present
in the electrolyte, the copper deposits that formed appeared to buckle or even crack during
the electrocrystallization process, as shown in Figures B-1 and B-2.
Studying the effect of additives on the internal stresses present within electrodeposits
is outside the scope of this thesis; however, research in this would certainly seem to be
worthwhile. Although a detailed analysis cannot be made here, some speculation is appropriate. It seems reasonable to conclude that thiourea is causing copper to deposit in a form that
is under a great deal of compressive stress. One reason for this might be the spontaneous .
reaction of thiourea with copper to form copper sulfide. Llopis, et al (1, 2, and 3) used
radiotracers of S 35 and C 14 in thiourea, methyl thiourea, diphenyl thiourea, and polysulfides
to study the sulfurization of copper. They found that sulfur is contained in the copper sulfide
but no carbon. Reasoning by analogy to the reactions of copper with gaseous H 2S, they concluded the copper sulfide layer formed is mostly Cu 2S, with little or no CuS. They also
observed that Cu 2S formed electrolessly and while copper was depositing. Perhaps it is
interstitial insertion of S into the Cu lattice that is causing the compressive stresses and buckling of the deposit.
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Figure B-1. Micrographs of Copper Deposit.
Experimental conditions: transverse now, i = 12.5 rnA /em 2• t = 27 min 6 sec,
11M. Re = 1300. Notice the buckling of the deposit on the leading edge.

CThiourea

= 62.5
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Figure B-2. Micrographs of Copper Deposit.
2

Experimental conditions: parallel flow, i= 12.5 mA/cm , t= 27 min 6 sec, CThiourea = 62 .5
J..LM, Rc = 1300. Notice the buckling and cracking of the deposit on the leading edge.
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APPENDIX C.
BRIEF DESCRIPTION OF COMPUTER PROGRAMS

Two numerical methods were used to solve the electrochemical problems presented in
this thesis. The complete listing and a concise user guide are contained in a separate report,
"Computer Programs For Simulating Electrodeposition Processes", LBL Report # 29925;
hence, only a brief description is given here.
There are two sets of programs: one for FEM simultaions and one for BEM simulations. The following procedure is used to run both sets of programs. For any given modelling problem, first, input files are generated. These files contain information required to generate meshes, set boundary conditions, and determine parameters required by the solution
technique (such as the degree of the basis functions). After creating the input files, they are
preprocessed to generate meshes and set boundary conditions. This information is stored in
intermediate files. The inteimediate files are then read by the program that implements the
desired numerical method (either FEM or BEM), and the solution to the problem obtained
and stored in various results files. The results files are then post-processed for generating
. graphs.
There are several differences between the two program sets. The FEM programs are
more user friendly. They can be used to solve not only convective-diffusion problems, but
many steady-state potential problem commonly encountered in electrochemistry; however,
they cannot handle transients, or moving boundaries. On the other hand, the BEM programs
can handle moving boundaries, but cannot solve convective-diffusion problems. The BEM
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programs also require more sophistication on the part of the user, and more work in setting
up the input files. Both programs use a "relaxed" Newton-Raphson technique to converge on
the solution to the potential problem. A relaxation parameter (set by the user) prevents the
programs from taking large steps away from the initial guess. Rates of convergence are calculated, and the user is warned if the convergence is not quadratic.
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