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Results from steady and unsteady, two-dimensional simulations of tertiary current
distributions at and below the limiting current density are presented. The simulations are
based on dilute-solution theory, with coupling of the concentrations of the ionic species
through the electrical field. The electrical field is calculated from the electroneutrality
constraint. Results confirm and extend previous theoretical predictions of the electrical-
migration enhancement of the limiting current. To demonstrate the potential utility of
general current-distribution solvers, measured temporal variations of the rate of copper
deposition in the presence of an oscillating shear flow are measured and simulated.

Experiments agree well with simulations.

Introduction

Electrochemical reaction rates often depend on both the
electrical-potential difference between the electrode and ad-
jacent solution and the surface concentration of at least one
species. When the conditions are not ideal, nonuniform spa-
tial distributions of the reaction rate arise. Simulations that
estimate the degree of nonuniformity have become an impor-
tant design tool, especially for metallization applications in
the electronics industry (Dukovic, 1993). Normally, two limit-
ing cases of current distribution phenomena are treated: in
one case, nonuniformities due to concentration variations
alone are considered, and in the other, nonuniformities due
to electric-field effects alone are simulated.

The appropriateness of these asymptotic cases is explained
by Newman (1991). In many practical situations, such as alloy
deposition or deposition in the presence of additives, the cur-
rent distribution may not clearly fall into either limiting case.
Thus, it would seem useful to develop computational
methodologies that eliminate hard-to-justify approximations.
Specifically, it is necessary to solve for concentration fields
and the potential field simultaneously. The solution to such
problems is often termed the tertiary current distribution.
Tertiary current distributions have not been treated exten-
sively, especially when an analytic or semianalytic solution is
infeasible.

Baker et al. (1991) and Pillay and Newman (1993) devel-
oped a method to transform the coupled transport equations
to a single Laplace’s equation. However, this method can only
be used for problems with no convection and additional re-
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strictive boundary conditions. Newman (1968, 1991) outlined
a procedure valid under different conditions. His technique
uses the fact that many flows of interest lead to boundary
layers and that the Schmidt number for an ionic species in
water is large. Concentration variations are thus restricted to
a region near the electrode, allowing the separate treatment
of the diffusion layer and the bulk region. In the bulk, the
electrical potential is assumed to satisfy Laplace’s equation,
with a matching constraint that the current density caiculated
from ohm’s law agrees with calculations within the diffusion
layer. The procedure has been applied to disk (Newman, 1966;
Vahdat and Newman, 1973; Law and Newman, 1986; Orazem
and Miller, 1987), planar (Parish and Newman, 1969, 1970),
and tubular (Alkire and Miraferi, 1973, 1977a,b; Pesco and
Cheh, 1989) electrodes. The treatment of separate regions is
restricted to flows that result in a thin diffusion layer. Often
a more complicated flow field exists; for example, recircula-
tion or boundary-layer separation may occur near cavities or
protrusions on surfaces.

Alavyoon (1992) provided an example in which the coupled
concentration and potential fields are solved throughout
the entire computational domain along with natural-convec-
tion flow fields. Equations were solved by evaluating the non-
linear terms at the previous time step. Harb and Alkire
(1991a,b) have modified FIDAP, a commercial fluid-flow
solver (Engelman, 1986), to solve for a tertiary current distri-
bution in a pit. However, few details of the numerical proce-
dure were given.
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The present investigation considers the tertiary current dis-
tribution on a line electrode in the presence of steady and
unsteady shear flows. Calculations are performed with soft-
ware based on a control-volume formulation. A previous the-
oretical treatment of the effect of migration on mass-trans-
fer-limited currents is extended. Copper deposition was also
studied experimentally to demonstrate the feasibility of using
current-distribution solvers with data taken in one cell to pre-
dict behavior in other reactor configurations.

Theory

A diagram of the electrochemical cell is shown in Figure 1.
The working electrode of length 2L is mounted on an other-
wise insulating plate that oscillates in its own plane with fre-
quency . The counterelectrode is placed a distance B from
the working electrode. For microfabrication processes, it is
common that L/B < 1. Therefore, the solution domain is es-
sentially semi-infinite. (For a convection-diffusion problem,
where the electrical potential is not relevant to the prediction
of current distribution, a semi-infinite domain poses no con-
ceptual problems; however, the treatment of an electrical po-
tential in a two-dimensional, semi-infinite problem is prob-
lematic. When comparing simulation with experiment, the
potential drop between the outer edge of the computational
domain and the actual position of the reference or counter-
electrode must be estimated.) The analysis of current distri-
bution in this cell under conditions where electrical migra-
tion is unimportant was given previously (Wang et al., 1994;
DeBecker et al., 1995a,b).

The electrical current in the solution is carried by ions.
Assuming that the flux of ions is given by dilute-solution the-
ory, the dimensionless flux of species j is

=~ 2;D;cV® — D¥c; + uc;, 1)
where the spatial distances x and y are normalized by L,
D;=D¥/D,, ¢;=c}/c\.. & =F®*/RT, u=u*L/D, and N, =
N*LAD;c,,). The starred quantities are dimensional. The
fluid velocity u is given by Wang et al. (1994). If the origin is
attached to the center of the electrode on the moving plate
and if L/B <1, the dimensionless velocity parallel to the
electrode can be approximated by

counterelectirode

u = U cos(mt)
< L >

2L

working

electrode

Figure 1. Electrochemical cell.
The working electrode is flush mounted in an othc.rwise. in-
sulating plate. Mixing is induced by an in-plane sinusoidal
motion of the plate.
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u=Peycos(r), )

where 7 = wt — 8, where @ is a constant. The Peclet number
is given approximately by

@ UyL?

It is assumed that no homogeneous reactions take place in
the solution; hence the M (one for each species) material
balance equations in dimensionless terms become

a—2L=-v-n, )

where Q =(wL?*/D¥). The electroneutrality constraint is also
imposed (Newman, 1991):

Lzic;=0. ©))

Boundary conditions

At the outer boundary away from the electrode, ¢;, =1 and
® is arbitrarily set to zero. At y = 0, the boundary conditions
are N; =0 at the insulating wall for all species j. A zero-flux
condition is also imposed on the electrode for all species ex-
cept the reactants and products. A kinetic expression relating
the surface concentration and potential to the reactant and
product fluxes is also imposed at the electrode. In the case of
copper deposition, the boundary condition can be written as
(Mattsson and Bockris, 1959):

K
. Fzye.Dj

T N, =iy{exp[a(V — ®)]

—clexp[— B(V—®)]}, (6)

where i, is the exchange current density, a and 8 are trans-
fer coefficients, V is the dimensionless electrode potential.

Equations 1, 4, 5, and the boundary conditions define a
nonlinear and coupled system of partial differential equa-
tions. In the next section, a control-volume method is de-
scribed for the numerical solution.

Numerical Method

A control-volume formulation was applied to the set of
coupled partial differential equations (Patankar, 1980). The
equations were linearized around a guessed value. The
guessed values were updated iteratively to convergence be-
fore executing the next time step. Since the electroneutrality
constraint tightly couples the potential and concentration
fields, the discretized set of algebraic equations at each node
point were solved simultaneously. Either point-by-point or
line-by-line overrelaxation methods were used to solve the
algebraic equations. An overrelaxation parameter of 1.5-1.8
was typically used. The two methods required similar compu-
tational times. An upwind scheme was used for all variables
for high-Pe problems, while a central-difference scheme was
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used for low Pe (Patankar, 1980). In some trial simulations, a
central-difference scheme was used for the potential for
high-Pe problems, but no appreciable differences in the re-
sults were observed.

Numerical experiments were performed to determine the
minimum computational domain and an adequate grid size as
described by Wang et al. (1994). Uniform grids were used
near the electrode. Beyond this region, nonuniform grids, with
a stretching factor of less than 1.2 in both directions, were
used. When the electrical field is large, a more finely re-
solved grid was necessary. The number of iterations to obtain
a converged result was also found to increase in the presence
of large electric fields. The convergence rate was improved if
a good trial solution was given to the potential. However,
convergence was obtained for almost any initial guess.

Effect of Migration on Mass-transfer-limited
Current Densities

At the limiting current, the electrode-kinetics boundary
condition can be replaced with a condition that ¢, =0 at the
surface, where c, is the concentration of the limiting reac-
tant. The supporting electrolyte changes the magnitude of the
limiting current because the extra ionic strength increases so-
lution conductivity, which reduces the electrical field. Electri-
cal-migration effects on limiting currents have been treated
by Newman (1967, 1991) for several problems, including the
rotating disk, the stagnant diffusion layer, and boundary-layer
flows. The ratio of the limiting current density i, to the limit-
ing current density i, computed by neglecting migration is a
measure of the effect of migration. An interesting result from
boundary-layer analysis is that the migration enhancement
iy /ip is the same for all positions along the electrode. The
same result is found for a stagnant electrolyte, but has not
been established for all flow conditions.

The effect of migration on limiting currents was studied as
a benchmark of the numerical code and to test the limits of
the boundary-layer analysis. Two chemistries are considered
(both in the presence of an oscillating or steady shear flow):

1. Depositing copper ions from a CuSO,/H,SO, solution

2. Reducing hydrogen ions from an HCI/KCI solution.

It is assumed that H,SO, completely dissociates to H* and
sulfate ions. This is a good assumption for the case of little
supporting electrolyte (see experimental section), and is not a
significant source of error for the case of excess supporting
electrolyte. The ratio of supporting electrolyte to reactant
concentrations was varied in the simulations, and the
infinite-dilution values for diffusion coefficients tabulated by
Newman (1991) were used. The simulation parameters are
summarized in Table 1.

The mass-transfer-limited dimensionless flux for copper
deposition is shown in Figure 2 for two values of supporting
electrolyte concentration and two values of Pe. Results are
shown for a steady shear flow (from left to right). The amount
of supporting electrolyte is represented by the ratio r, de-
fined to be c,/c, for case 1 and ¢,/ (2c,) for case 2. When
r =0, we have a binary electrolyte. Here and for all other
simulations of steady shear flow, it was found that the magni-
tude of the current density increased by a constant, multi-
plicative factor i, /i, but that the normalized current distri-
bution does not change. In other words, the Vr = 0.3 results
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Table 1. Simulation Parameters

Case 1
No. Species D; X10° em?/s z
1 Cu?t 0.72 2
2 s0,2" 1.065 -2
3 H* 9.312 1
Case 2
1 H* 9.312 1
2 Ci~ 2.032 -1
3 K* 1.957 1

can be obtained by multiplying the current distribution in the
presence of excess supporting electrolyte by a constant.

In Figure 3, the effect of Pe number on the multiplicative
constant for v» = 0.3 is shown. The dashed line at small Pe
number is the value given by the case of no convection (New-
man, 1991), and the dashed lines at large Pe are the asymp-
totic limits predicted from boundary-layer analysis (Newman,
1967). When Pe > 1, the i, /i;, approach the high-Pe limits.
The simulation also agrees with theory when Pe — 0. The
constant i; /i, is a function of Pe when the diffusion coeffi-
cient D, of the reacting ion is considerably different from
D,, as in the case of proton reduction.

When r =0, theoretical expressions for i, /i, can be de-
rived because of the well-known (Newman, 1991) simplifica-
tions possible for binary electrolytes. The results help explain
why the migration enhancement is only weakly dependent on
Pe, except when the reactant is much more mobile than the
counterion. When only the cation reacts at the surface, the
constant i, /i, is given by

iy 72112

(when r =0, Pe=0). N
Ip 122|
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Figure 2. Mass-transfer-limited dimensionless flux for
copper deposition in the presence of a steady,
shear flow.

The leading edge of the electrode is positioned at a dimen-
sionless distance of —1.
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Figure 3. Effect of Pe number on the multiplicative con-
stant i, /iy in the presence of a steady shear
flow for yr =0.3.

The three dashed lines are asymptotic predictions for small
and large Pe.

Interestingly, the enhancement is independent of the values
of the diffusion coefficients. For a steady shear flow, the con-
stant i; /iy is given by

iL z—1z (z,(Dl/Dz)— z, )lﬂ

ip Iz, 1 Zy— 2,

(when r =0, Pe »x). (8)

A comparison of Egs. 7 and 8 indicates that the effect of Pe
on i; /i, for copper deposition (where D,/D, =0.7) might
be negligible.

The factor i, /i, for copper deposition was also found to
be independent of the flow conditions for the unsteady shear
flow. Furthermore, the enhancement factor was largely inde-
pendent of position and time. However, the time-averaged
enhancement factor was weakly dependent on position for
some values of Pe and Q for proton-reduction simulations.
For all values of Pe, the enhancement factor based on the
time and spatial average current densities was found to de-
crease with increasing (.

Figure 4 shows the spatial average current density as a
function of time for V7 = 0.3. The bottom curves are results
for copper deposition and the top curves show results for
proton reduction. For both sets of curves, the solid lines are
simulation results. The dashed lines are obtained by multiply-
ing the r =1 result by a constant. Time independence of the
enhancement factor would imply that the curves lie on top of
one another. This is seen for the copper-deposition curves.
The slight discrepancies are believed to be numerical and are
not physically significant.

For the proton-reduction case, the amplitude of the oscil-
lations is slightly Iess than expected from multiplying the ex-
cess-supporting-electrolyte results by a constant. Also, the
simulations are out of phase with the excess-supporting elec-
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Figure 4. Effect of electrical migration in the presence
of an unsteady, periodic shear flow.

The solid lines are simulation results, and the dashed lines
are constant multiplicative factors of the excess-supporting-
electrolyte simulations. (Case 1: proton reduction; case 2:
copper deposition.)

trolyte simulations. The phase lag is the result of the support-
ing electrolyte being significantly less mobile than the react-
ing hydrogen ion. This results in an electric field, which is
coupled to all of the concentration fields, that lags behind
the concentration field of the hydrogen ions.

Experimental Apparatus and Procedure
Flow cell

All experiments used an electrolyte composed of 3-mM
cupric sulfate and either 0.1 M or 0.3 mM sulfuric acid. The
working electrode was made of 99.999% copper sheet of
thickness 2 L = 0.025 cm and a length of 2 cm. It was mounted
in a thermoplastic resin cast in a cylindrical mode. The top of
the mold was cut flat to expose a fresh metal surface, which
was polished down to 600 grit, followed by 0.3-um polishing
alumina. The working-electrode assembly, with the line elec-
trode perpendicular to the fluid flow, was flush mounted in a
hole near the center of the moving plate. More details of the
setup can be found in DeBecker et al. (1995a). A thin 20X
13-cm copper counterelectrode was mounted on the wall (at
a distance B=1.6 cm) opposite the working electrode. A
Hg/Hg,SO, reference electrode was placed very far (com-
pared to L) from the working electrode.

A Pine AFRDE4 potentiostat was used to coutrol poten-
tial and measure current, and a Lucas-Schaevitz linear vari-
able differential transformer was used to measure the posi-
tion of the moving plate. A LPCLAB DT-2811 A/D board
was connected to a computer to record applied potential,
plate position, and current as functions of time.

Experiments were performed potentiostatically in a deaer-
ated electrolyte. A thin layer of copper was deposited on the
working electrode at low overpotentials before the collection
of experimental data. The electrical potential was decreased
from equilibrium by increments of 20 mV until a limiting cur-
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rent was reached. The electrode was then polished and
treated to have a fresh surface for the next set of experi-
ments.

Rotating-disk electrode

A copper rotating-disk electrode (RDE) was fabricated out
of a 0.9-cm-diameter rod with the same purity as the line
electrode. It was encased in a cylindrical thermoplastic mold
with outer diameter 1.9 cm. The electrode was polished and
treated the same way as the line. It was then connected to a
Pine Instruments RDE setup. The solution was sparged with
nitrogen for at least one hour. Experiments were performed
potentiodynamically with a scan rate of 5 mVy/s. Polarization
curves were obtained at several rotation speeds. The elec-
trodes were polished before every change of rotation speed.

Simulation Parameters for Comparison with
Experiment

Below the limiting current, the electrode boundary condi-
tion must be modified. For a kinetic relationship given by Eq.
1, there are four parameters: iy, «, B, and y. The following
were determined previously (Mattsson and Bockris, 1959): y
=0.5, a =1.5, and B =0.5. The exchange current density i,
was determined from RDE experiments. Figure 5 shows sim-
ulated and experimental polarization curves on an RDE for
deposition from a 3-mM CuSO, and 0.1-M H,SO, solution.
The ohmic drop, estimated with AC impedance, was sub-
tracted from the applied potential to estimate surface over-
potential. Simulations were fit to experiments to obtain ij =
0.4 mA /cm?,

Newman (1991) shows that seven dimensionless parame-
ters are needed for the analysis of one reaction occurring on
an RDE. Once the chemistry is specified, the number of pa-
rameters that need to be investigated in a design analysis can
be greatly reduced. For example, the kinetic parameters «,

N

— T
experimental
- simulation
0 b
100 rpm .
- 400 rpm
g2 ]
E 900 rpm
3k 1600 rpm .
: 2500 rpm -
-4 = . .
- T I E S E I B S
-0.70 -0.65 -0.60 -0.55 -0.50 -0.45

VIR (V)
Figure 5. Polarization curves on a RDE for copper de-
position with 3-mM copper sulfate and 0.1 M

sulfuric acid.
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B, v, and to a lesser extent i are fixed by the chemical reac-
tions of the process and may not be a design consideration.

Often, the parameters considered in design are the frac-
tion of the limiting current density i,,/i, and the ratio of
the ohmic-to-kinetic resistances. The value of i, depends on
the amount of supporting electrolyte r and on the degree of
mixing in the cell. On the rotating disk, i; depends on rota-
tion speed, and in the oscillating-flow cell, i, is a function of
Pe and Q. Equation 3 indicates that Pe depends on the size
of the electrode, so that for a given shear stress at the wall,
i, changes with size. The ohmic resistance also depends on
cell size and r. For the present example, the ohmic resistance
relative to the kinetic resistance is given by the linear and the
Tafel Wagner numbers, Wa, , and Wa;:

W RTk
L~ F(a+ B)Li,
W RTk

ar = ——"—.
T FBL iyl

Comparison of Experiment to Simulation

Temporal variations of the spatial average of the current
density are shown in Figure 6 for the case of excess support-
ing electrolyte and in Figure 7 for Vr = 0.3. The experimental
points and the simulated dashed lines are in agreement. In
both cases, nearly two complete periods (r = 27) of steady,
periodic results are shown. In Figure 6, the top curves la-
beled V' = ~0.47 V corresponds to 57% of the limiting cur-
rent, and the curve labeled V' = —0.55 V corresponds to 93%
of the limiting current. In Figure 7, the top curve is at 45%
and the bottom curve is at 97% of the limiting current. As
expected, the magnitude of the oscillations in the current
density increases as i,,,/i; increases.

A large number of simulations and experiments can be
summarized with a polarization curve, which gives the time-

T T T T H T T T

—e— Experimental

A2
r°=0.99

-0.2 - Q=14.97 Simulation i
Pe=621

04 ~

V=-0.47v

i, g (MATO?)

0 2 4 6 8 10 12

Figure 6. Temporal variation of the spatial average of
the current density with 3-mM copper suifate
and vr =0.99 in sulfuric acid solution.
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Figure 7. Temporal variation of the spatial average of
the current density with 3-mM copper sulfate
and vr = 0.3 in sulfuric acid solution.

averaged current density vs. applied potential. Figure 8 shows
such curves for yr =0.99, and Figure 9 gives them for vr =
0.3. Here (i, is the time average of the spatial average of
the current density. For each point in the figures, only the
quasi-steady result, after the initial transients disappeared,
was reported. The time average was taken over at least five
periods.

As predicted by simulation, as the concentration of sup-
porting electrolyte was decreased, the limiting current den-
sity increases. Without adjusting any parameters obtained
from the RDE, the simulation results for the oscillating-flow
cell match the experimental results reasonably well. The dis-

T N T T T T T T . . . .
@— Experimental
027 -O-- Simulation
7=0.99
0.4
€ 06
Q
E Pe=403.9
W 0.8 Q=32.83
2 .
1.0 4
-1.2
oo pessat
0=14.97
1.4 4
] s 1 L 1 { | . . |

-0.68 -064 -060 -0.56 -0.52 -0.48 -0.44
vv)
Figure 8. Time-averaged polarization curves in the os-
cillating-flow cell for copper deposition with
3-mM copper sulfate and vr = 0.99 in sulfuric
acid solution.
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Figure 9. Time-averaged polarization curves in the os-
cillating-flow cell for copper deposition with
3-mM copper sulfate and Vr =0.3 in sulfuric
acid solution.

crepancies for vr = 0.99 on the limiting current are believed
to be due to changes in the surface finish. Previous character-
ization of the cell with a redox couple (DeBecker et al., 1995a)
suggest that, for this range of Pe and (), discrepancies due to
nonidealities in fluid flow shouid be less than 3%.

Current distribution

The scaling of the current distribution with size is of fun-
damental concern in process design, but can be somewhat
difficult to predict without the aid of simulations because the
Wagner numbers are inversely proportional to size and, for
this case, because the limiting current density i, o L~V3,
Figure 10 shows the effect of the electrode half-length L on
the current distribution for two different amounts of sup-
porting electrolyte. Here, a steady flow with a shear of 20 s ™!
and an average current density of —46 mA/cm? are as-
sumed. The kinetic parameters and transport properties for
the copper-deposition experiments were used.

For both cases, the current distribution becomes more uni-
form as L decreases. The reasons for the increased uniform-
ity are that the ohmic and mass-transfer resistances both de-
crease. For L =1 results, the vr = 0.71 curve looks similar to
a mass-transfer-limited current distribution. In contrast, the
Vr =0.3 curve resembles more closely a secondary-current
distribution (Newman, 1991). The reason for this is that solu-
tion conductivity is significantly lower for the latter case,
causing the ohmic resistance to become as, or more, impor-
tant than the mass-transfer resistance.

Conclusions

Tertiary-current-distribution solvers, which are time accu-
rate and based on a control-volume formulation, can be ef-
fectively implemented if the tight coupling between the elec-
trical and concentration fields is realized. Numerical simula-
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Figure 10. Effect of electrode size on the current distri-
bution in the presence of a steady shear flow
for two different amounts of supporting elec-
trolyte.

Transport and kinetic parameters are given in the text. For

all cases, the average current density is — 46 mA/cm? and

the shear is 20 s 1.

tions show the electric-field enhancement of limiting currents
in the presence of a steady, shear flow agree with boundary-
layer analysis when Pe is on the order of 10 or higher. The
present analysis also elucidates for steady and unsteady shear
flows that the electric-field enhancement is a weak function
of Pe unless the ratio of the mobilities of the reacting and
counterions are significantly different from one. Experimen-
tal results on copper deposition agree with simulations, indi-
cating, at least for relatively simple electrode kinetics, that
measurements from a rotating disk electrode coupled with
numerical modeling can predict behavior in other geometries
without need to adjust parameters.
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Notation

D} =diffusion coefficient of species J, cm?/s
D; =dimensionless diffusion coefficient of species j
F =Faraday’s constant, 96,487 C/mol
i,vg =Spatial average current density, mA fecm?
N,yg =average dimensionless flux
t =time, s
U, =amplitude of plate velocity, cm/s
x,y =dimensionless Cartesian coordinate
z; =charge number of species j
a =anodic transport number
B = cathodic transport number
y =kinetic concentration exponent
& =dimensionless potential
0 =phase shift for the shear, rad
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x =solution conductivity
7 =dimensionless time
Q1 =dimensionless frequency
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