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Current Distribution for the Metallization of Resistive Wafer
Substrates under Controlled Geometric Variations
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Current distribution simulation results are presented for the metallizaton of 200-mm resistive wafer substrates. A novel horizontal
plating cell design that features an insulating hole and a wafer holder that is capable of varying the wafer position vertically during
the metallization process is considered to improve the current distribution across the wafer substrate surface. Numerical analysis
is used to investigate the influence of the insulating hole size, wafer position, and wafer movement during the deposition process
on the current distribution and is compared to experimental data for copper deposition when possible.
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Submicrometer scale multilevel metallization is one of the key
technologies for the next generation of ultralarge-scale integration.1

The fabrication of integrated circuits and electronic devices includes
several processing steps to incorporate the necessary conducting,
semiconducting, and dielectric layers. Electrodeposition of copper
for metallization of microchips contained on resistive wafer sub-
strates has become an important processing step.2-4 Prior to the cop-
per electrodeposition process, a thin conductive copper seed layer, is
deposited onto an insulating material, such as a polymer or ceramic,
by electroless deposition, physical vapor deposition, or chemical
vapor deposition. However, the resistance of the thin conductive
seed layer can produce a large potential drop near the interface
between the electrolyte and wafer substrate during the electrochemi-
cal deposition process, resulting in nonuniform copper thickness dis-
tribution across the substrate surface. Typically, the current density
is larger at the edges of the wafer, where electrical contact is made
to the wafer, than at the center of the wafer, far from the point of
electrical contact. This phenomenon is known as the terminal effect.

A number of research studies5-10 have focused on describing the
interfacial phenomena. Matlosz et al.5 provided a range of valid
theoretical approaches. Mehdizadeh et al.6 presented the influence of
a coplanar auxiliary electrode on the current distribution, and Choi
and Kang7 suggested a three-dimensional model to optimize the
range of the auxiliary electrode for minimizing the nonuniform
thickness distribution across a rectangular patterned substrate. Lee et
al.8 addressed several advantages of using an insulating shield to
produce a homogeneous current distribution. They also presented
the feasibility of modifying the insulating shield to improve the
current distribution across a 3-in. wafer. Deligianni et al.9 and Cao et
al.10 presented simulation results that analyze the insulating shields’
ability to improve the thickness distribution onto a 300-mm wafer.
Lanzi and Landau11 presented a model of current distribution that
results from the terminal effect under Tafel kinetics that can be used
to estimate the current density variation along the wafer surface.
Wilson et al.12 described a unique plating tool that utilizes a novel
electrolyte flow scheme and a multitude of anodes whose distance
from the wafer has been optimized to control the current distribu-
tion, and Klocke et al.13 provided simulations and experimental
work on 300-mm wafers in which they dynamically control the cur-
rent distribution during the plating process in order to maintain a
uniform current distribution from the initial stage to the final stage
of metal deposition.

In this present work, a novel horizontal cell design that features
an insulating hole and a wafer holder that is capable of varying the
wafer position vertically during the metallization process is consid-
ered to improve the current distribution and the resulting metal
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thickness distribution on a 200-mm resistive wafer substrate that
contains a thin copper seed layer. Simulations are compared to ex-
perimental data in some cases.

Experimental

The copper electroplating experiments were conducted on the
wafer processing tool. An acid copper plating solution containing
0.1 M sulfuric acid, 0.63 M copper sulfate, 50 ppm Cl−, and
300 ppm polyethylene glycol �PEG� was used for all electroplating
experiments. Silicon blanket 200-mm wafers with a 100-nm copper
seed layer were used for the current distribution studies. Copper was
deposited onto the wafers using direct current under galvanostatic
control using a Dynatronix DPR series power supply model DPR20-
5-10. Copper balls in titanium baskets were used for the anodes. The
current density for the experiments ranged from 6 to 10 mA cm−2.
The wafer rotation rate, plating time, and insulating hole opening
were held constant for all experiments at 50 rpm, 5 min, and 15 cm,
respectively. The distance between the wafer and the insulating hole
opening was varied between 5 and 25 cm during the stationary ex-
periments to examine its effect on the current distribution. The lift
rate for experiments involving movement of the wafer during the
deposition process was held constant at 0.03 cm s−1. Optoacoustic
metrology was used to determine the copper thickness distribution
across the surface of the as-plated wafers at 49 different points in
Fig. 1.

An electrochemical plating cell was designed and built with at-
tributes that allow manipulation of the current field across the sur-
face of semiconductor wafers during the interconnect metallization
process. A schematic of the plating cell is shown in Fig. 2. The

Figure 1. Copper thickness data points measured by optoacoustics.
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plating cell consists of a tank to hold the plating electrolyte solution,
a wafer holder to secure the wafer face down during the plating
process, a cylindrical chamber where wafer plating occurs, and a
lower chamber to house the insulating hole and anodes. A stainless
steel ring is incorporated into the wafer holder to make electrical
contact directly to the seed layer at the outer circumference of the
wafer. The wafer holder is capable of rotating at rates between 50
and 400 rpm. The wafer holder is lowered face down into the upper
cylindrical chamber of the cell at some distance between 5 and
25 cm from the insulating hole opening and can be moved vertically
away from or toward the insulating hole opening at rates of
0–5.1 mm s−1 during the plating process. The vertical movement
allows for the manipulation of the dynamic current distribution that
results from the thickening of the copper layer on the surface of the
wafer.

The upper plating chamber in the plating cell is mounted on a
separator plate that is attached to the lower chamber. The lower
chamber contains the insulating hole shaft. The insulating hole shaft
shields the anodes from being in the direct line of sight of the wafer,
which minimizes current dispersion that can lead to excessive cop-
per thickness at the edge of the wafer. The insulating hole opening is
located at the top of the lower chamber and the diameter of the
insulating hole opening is adjustable. The insulating hole is another
attribute available to control the current distribution during the plat-
ing process. Inside the lower chamber around the outside of the
insulating hole are six nodes contained inside titanium baskets. A
metal bar connected to the electrode container extends up through
the separator plate above the electrolyte solution to enable electrical
connection to be made to the anodes.

A pump is used to circulate the electrolyte through a filter and
into a manifold of inlet pipes that are attached to the separator plate.
The electrolyte flows into the lower chamber, past the anodes in the
titanium baskets and travels up through the insulating-hole shaft,
into the upper chamber and impinges the wafer surface. The elec-
trolyte exits the upper chamber through a gap between the wafer
holder and the chamber. The diameter of the gap between the upper
chamber and the wafer holder is slightly larger than the diameter of
the wafer holder so as to allow the electrolyte to overflow the cham-

Figure 2. A schematic diagram of the cell design to control the movement of
the wafer during the deposition process.
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ber unimpeded while at the same time minimizing current dispersion
that can increase the current density at the edge of the chamber
opening.

The electroplating experiments were performed at current densi-
ties that were sufficiently lower than the limiting current density.
Performing experiments at or near the limiting current density could
interfere with determining the extent to which the novel cell design
described above influences the current distribution, since operating
under mass-transport conditions produces a more uniform current
distribution across the entire substrate because the current near the
wafer contact cannot exceed the limiting current.

For a rotating disk electrode, such as the case of a rotating wafer,
the limiting current density can be approximated by the Levich
equation

il = �0.620�nFD2/3�1/2�−1/6c �1�

For the electroplating experiments reported here, the Cu2+ concen-
tration, c, is 6.3 � 10−4 mol cm−3, the angular rotation rate, �, of
the electrode is 5.24 rad s−1, the kinematic viscosity of the plating
solution, �, was measured and determined to be 1.08 cm2 s−1 at
25°C, and the diffusion coefficient,14 D, for Cu2+ is taken to be
5.37 � 10−6 cm2 s−1, yielding a limiting current density of
113 mA/cm2. The current densities employed for the experiments
reported in this paper were between 5 and 9% of the approximated
limiting current density; therefore, it is reasonable to assume the
influence of tertiary current distribution on copper thickness distri-
bution was negligible.

When quantified, the variation in the copper thickness distribu-
tion is quantified using the following equation

% deviation =
�bmax − bmin�

bavg
� 100 �2�

Mathematical Model

The schematic diagram of the cell is shown in Fig. 2. The novel
horizontal cell design featuring an insulating hole and a wafer holder
that can vary the wafer position during the deposition process is
considered to reduce spatial variations in the potential fields on the
resistive substrate. The cell design includes many geometric dimen-
sions. Several geometric dimensions were fixed in corresponding to
experimental cell dimensions. The dimensional distance d and hole

Figure 3. The initial current distribution at rho/ro = 1 and d/ro = 0.5 for
Ko = 2.0 and four different Wa numbers.
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radius rho were varied. All the dimensional values were converted to
dimensionless values by wafer radius ro = 200 mm.

It is assumed that concentration variations can be neglected. The
current density is determined by the local gradient of an electrical
potential in the electrolyte by Ohm’s law

i = −� � �s �3�

The potential field in the electrolyte can be solved using Laplace’s
equation in cylindrical coordinates

�2�s

� r2 +
1

r

� �s

� r
+

�2�s

� z2 = 0 �4�

subject to the following boundary conditions

��s = 0 on insulating walls �5�

Vanode = �s at the anode�s� �6�

Along the working electrode, the current density is obtained from
the gradient in the electrolyte potential through

ic = −� � �s �7�

subject to two types of boundary conditions. For a primary current
distribution, valid when the Wagner number is zero

�m = �s �8�

When polarization resistance varies with current density, the poten-
tial fields in the metal phase and electrolyte phase can be solved
with a mixed boundary condition,5 relating potential fields across
the interface to the local current density. A Tafel kinetics would be
relevant to metallization

�m − �s =
RT

�cF
ln��ic�/io� �9�

Along the cathode, a combination of a charge balance in the
metal phase combined with Ohm’s law leads to a second equation

ic =
1

r

d

dr
�rs�r�

d�m

dr
� �10�

where s�r,t� = a�a + b�r,t��b is the local conductance of the cath-
ode. The boundary conditions on the potential in the metal phase can
be written as

d�m

dr
= 0 at r = 0 �11�

and at the periphery of the resistive disk electrode, the potential of
the current collector � = V is set so that

Table I. Typical variables and parameter values for simulation.

Variables Values

a 0–100 nm
h1 25 cm
h2 10 cm
h3 16 cm
h4 3 cm
l1 0.5 cm
l2 2 cm
l3 6 cm
l4 6 cm
l5 37.4 cm
ro 10 cm
�a 5.6 � 105 
−1 cm−1

� 0.01–0.6 
−1 cm−1

Ko 0–5
Wa 0–2
m m
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2�riavg = s
d�m

dr
at r = ro �12�

The deposited film thickness b based on Faraday’s law varies
with a position and time on the resistive disk electrode as follows

b�r,t� = �
0

t �ic�r,t��
nF	

dt �13�

Results depend on several dimensionless groups that emerge
from detailed analysis for a two-dimensional model5 and that are
geometric parameters, a dimensionless initial seed layer resistance

Ko =
�ro

a�a
�14�

and a Wagner number for Tafel kinetics15

Wa =
�RT

�cnFroiavg
�15�

where iavg = 10 mA cm−2, � = 0.045 
−1 cm−1, a = 1000 Å,
ro = 10 cm, Ko = 0.08, and Wa 	 0.01 for experimental results re-
ported here.

The electric potential field in the electrolyte was solved by a
boundary element method �BEM�. A block, tridiagonal matrix algo-
rithm �BAND�J��15 was used to solve the potential field in the resis-
tive cathode. The two solutions were coupled through the
algorithm.10 The numerical results were validated by varying grid
size and the time step size systematically until results did not change
further in all calculations.

Results and Discussion

Figure 3 shows the initial current distribution at rho/ro = 1 and
d/ro = 0.5 for Ko = 2 and four different Wa numbers. As the radius
of insulating hole is equal to that of the wafer, the calculated current
distribution is nonuniform at Wa = 0, when the ohmic potential drop
dominates during the plating process. The distribution becomes
more uniform as the Wa number increases.

When the dimensionless parameter h1/ro was larger than 2.5,
varying the geometric parameters h2, h3, h4 l1, l2, l3, l4, and l5 had
little influence on the current distribution across the cathode in pre-

Figure 4. The initial current distribution at rho/ro = 0.75 and d/ro = 1.5 for
Wa = 0 and five different Ko values.
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liminarily simulated results. Thus, the value of h1/ro was set at 2.5
and the other parameters were not varied in this analysis. Table I
presents more detailed information on these parameters.

The influence of the dimensionless initial seed layer resistance is
shown at rho/ro = 0.75 and d/ro = 1.5 for Wa = 0 and five different
Ko values in Fig. 4. The results indicate that the dimensionless initial
seed layer resistance has a large influence on the current distribution.
The current distribution becomes more uniform as Ko approaches
zero, while it becomes increasingly more nonuniform as Ko in-
creases.

Stationary tool experiments.— Two sets of three experiments
that fixed the wafer to insulating hole entrance distance at
d/ro = 0.5, 1.5, or 2.5 for two different average film thickness val-
ues, bavg, were conducted in order to examine the influence of the
wafer to insulating hole entrance distance on the current distribution
and the influence of the evolution of the deposit thickness on the
wafer position in the stationary cell during the deposition progress.
The deposit thickness as a function of wafer radius was obtained for
each of the three experiments performed at the two different average

Figure 5. Film thickness as a function of position on the wafer at three
different d/ro in the stationary cell for average film thickness bavg:
�a� bavg = 0.95 �m for experiment 1 and simulation 1 and bavg = 1.23 �m
for experiment 2 and simulation 2; �b� bavg = 0.48 �m for experiment 1 and
simulation 1 and bavg = 0.86 �m for experiment 2 and simulation 2, and �c�
bavg = 0.81 �m for experiment 1 and simulation 1 and bavg = 0.86 �m for
experiment 2 and simulation 2. In all cases, rho/ro = 0.75, Ko = 0.08, and
Wa = 0.01.
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film thickness values. Although this experimental approach does not
provide the growing deposit directly, it was useful for obtaining the
experimental data needed for comparison with the simulation results
that shows the evolution of deposit thickness for average film thick-
ness.

Figure 5 shows two final deposit thickness values as a function
of the dimensionless wafer radius at rho/ro = 0.75 for the three val-
ues of d/ro whenKo = 0.08 and Wa = 0.01. The average film thick-
ness, bavg, was 0.95 �m for experiment 1 and simulation 1 and
1.23 �m for experiment 2 and simulation 2 at d/ro = 0.5, 0.48, and
0.86 �m at d/ro = 1.5, 0.81, and 0.86 �m at d/ro = 2.5, respec-
tively, in Fig. 5a. The experimental results are generally in good
agreement with the simulation results except at the wafer edge. This
discrepancy is possibly due to the exposure of the stainless steel ring
that makes electrical contact at the outer circumference of the wafer
during the deposition process and due to the fluid flow that impinges
the wafer surface and then passes through a small gap between the
wafer holder and the chamber more strongly at d/ro = 0.5 than at
d/ro = 1.5 and 2.5.

When the wafer is held stationary in close proximity to the insu-
lating hole opening, such as the case in Fig. 5a, the current is
strongly focused in the center of the wafer, resulting in a reverse
terminal effect that causes the copper to be thicker in the center of
the wafer and thinner at the edge of the wafer. Although this situa-
tion is not ideal for uniform copper deposition on wafers, it may be
beneficial for removal of the copper overburden that occurs during
deposition and is removed subsequent to plating using chemical me-
chanical planarization �CMP�. It has been suggested that removing
copper from the center of the wafer out toward the edge can circum-
vent wafer scale nonuniformities that create feature dishing or elec-

Figure 6. �a� Position of wafer with respect to the insulating hole as a
function of deposition time for the moving tool experiments and �b� average
film thickness �bavg� distribution as a function of position on the wafer re-
sulting from varying the wafer to insulating hole opening during the depo-
sition process, bavg = 0.904 �m for experiment 1, bavg = 0.905 �m for ex-
periment 2, and bavg = 0.9 �m for simulation. In all cases, rho/ro = 0.75,
Ko = 0.08, and Wa = 0.01.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



C269Journal of The Electrochemical Society, 153 �4� C265-C271 �2006� C269
trically isolated copper islands that negatively impact the perfor-
mance of the interconnect.16 When d/ro is 1.5 and 2.5, the current
distributions are generally uniform in both cases.

Moving tool experiments.— Two experiments that involve in-
creasing the distance between the wafer and the insulating hole
opening during the deposition process were conducted in order to
examine how varying the wafer position with respect to the insulat-
ing hole opening influences the current distribution. The initial value
of d/ro was 0.8 from the insulating hole opening, and the final value
of d/ro was 1.7 from the insulating hole opening. The experiment
was repeated in order to ascertain the precision of the design of the
electrochemical plating cell. Figure 6b shows the film thickness as a
function of position on the wafer when varying d/ro during the
deposition process for Ko = 0.08 and Wa = 0.01. The average film
thickness values, bavg, for experiment 1, experiment 2, and the simu-
lation were 0.904, 0.905, and 0.9 �m, respectively. Although the
optimization of the variation of d/ro was not attempted here, the
simulation and experimental results indicate that there is an optimal
variation of d/ro. The experimental results are in good agreement
with the simulation results except the case at the edge in Fig. 6b.
Possible reasons for this discrepancy are described in the previous
section. Results shown in Fig. 4-6 clearly indicate that when K is
o
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close to zero, the initial cell parameter is important for uniform
current distribution while the variation of the geometric parameter is
not necessary during the metallization process.

For Ko = 2, the importance of the dimensionless distance d/ro
between the wafer and the insulating hole entrance is presented for
rho/ro = 0.75 and Wa = 0 in Fig. 7. Here the distance between the
wafer and the insulating hole entrance, d/ro, varies during the plat-
ing process, and the target average deposit thickness is near
1000 nm, as shown in Fig. 7a. The deposit thickness normalized by
average thickness as a function of position on the wafer is shown in
Fig. 7b.

For case I in Fig. 7b, d/ro remains constant at 0.5. The thickness
distribution becomes more uniform as the deposit thickness in-
creases. The deviation in the thickness distribution at 1000-nm av-
erage film thickness is about 15% for r/ro � 0.8. The deviation
becomes 25% at 2000 nm, even though the data is not shown here.
The nonuniformity in the thickness distribution is caused by the
variations in the local conductivities on the substrate as deposition
evolves. The uneven copper topography that results from the non-
uniform copper thickness distribution may cause difficulties, such as
dishing or erosion, for the subsequent CMP process when depositing
films on patterned wafers. The simulation results for case I support
the need for modification of the geometric parameter d/r during the

Figure 7. �a� Wafer position with respect
to the insulating hole opening as a func-
tion of film thickness. Case I-Wafer posi-
tion remains fixed during the deposition
process. Case II-Increasing wafer move-
ment rate results in small increase in wa-
fer to insulating hole distance initially fol-
lowed by a larger increase in wafer to
insulating hole distance as the wafer lift
rate increases throughout the deposition
process. Case III-Constant wafer move-
ment rate results in linear increase in dis-
tance between wafer and insulating hole
during the deposition process. Case IV-
Decreasing the wafer movement rate re-
sults in a large increase in wafer to insu-
lating hole distance, initially followed by
a smaller increase in wafer to insulating
hole distance as the wafer movement rate
decreases as the deposition process
progresses. �b� The deposit thickness nor-
malized by average thickness as a function
of position on the wafer at rho/ro = 0.75
for Ko = 2 and Wa = 0 for the four differ-
ent cases represented in �a�.
o
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deposition process to improve electrical fields between electrolyte
and substrate in order to achieve a uniform thickness distribution at
a target thickness deposit.

Case II represents the situation where the distance between the
wafer and insulating hole opening increases gradually during the
deposition until a deposit thickness of 500 nm, at which time the
distance d/ro increases considerably until the final average deposit
thickness of 1000 nm is achieved. For case II, the deviation in the
thickness distribution at 1000-nm average film thickness is about
7% for r/ro � 0.8. Case III represents a linear change of
d/ro = 0.05 after every 100 nm of metal deposition. Case IV is the
converse of case II, that is, the wafer to insulating hole-opening
distance, d/ro, changes rapidly up to 500 nm average deposit thick-
ness, at which time the change in distance between the wafer and the
insulating hole, d/ro, progresses much more slowly until the final
average deposition thickness of 1000 nm. The deviation in the thick-
ness distribution at 1000 nm average film thickness is approximately
2 and 8% for r/ro � 0.8 for cases III and IV, respectively. In cases
II–IV, even though these three cases are not optimized, the simulated

Figure 8. �a� Wafer position with respect to the insulating hole opening as a
function of film thickness. Case V-Constant wafer movement rate results in
linear increase in distance between wafer and insulating hole during the
deposition process. Case VI-Constant wafer movement rate results in linear
decrease in distance between the wafer and insulating hole during the depo-
sition process. �b� The deposit thickness normalized by average thickness as
a function of position on the wafer at rho/ro = 0.75 for Ko = 2 and Wa = 0
for the two different cases represented in �a�.
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results clearly show improved thickness distribution values for a
1000-nm deposit as compared to the case I results.

Another scenario in which the deposit thickness normalized by
average thickness as a function of wafer position for rho/ro = 0.75,
Ko = 2, and Wa = 0 under controlled wafer position during the
deposition process �Fig. 8a� is presented in Fig. 8b. Case V repre-
sents a linear increase of d/ro = 0.2 from an initial wafer to insulat-
ing hole distance of d/ro = 0.2 to a final wafer to insulating hole
distance of d/ro = 2 after every 100 nm of metal deposition. Case
VI is the converse of case V. The wafer to insulating hole distance,
d/ro, decreases linearly from d/ro = 2 to d/ro = 0.2 in increments of
0.2 every 100 nm of metal deposition. The film thickness distribu-
tion values vary significantly at 200, 500, and 1000 nm in both
cases, but the final film thickness distributions at 1000 nm areuni-
form and equal to approximately 2% for r/ro � 0.8 for both cases V
and VI.

Figure 9. Deposit thickness normalized by average thickness as a function
of position on the wafer for three different Wa numbers at rho/ro = 0.75 for
Ko = 2 for case V.
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The influence of the electrode kinetics is shown in Fig. 9 for case
V �Ko = 2 and rho/ro = 0.75� for three different Wa. The results in-
dicate that the thickness distribution uniformity improves and the
influence of the geometric variation on the thickness distribution
values decrease as the Wa number increases.

Conclusions

Current and thickness distribution simulation results are pre-
sented for the metallization of 200-mm resistive wafer substrates. A
novel horizontal cell design that features an insulating hole and a
wafer holder that is capable of varying the wafer position vertically
during the deposition process is considered to improve current dis-
tribution across the wafer substrate. The experimental results are
generally in good agreement with the simulation results. When the
dimensionless initial seed layer resistance Ko was close to zero, the
initial geometric parameter d/ro was important for uniform current
distribution and the variation of the geometric parameter d/ro was
not necessary during the process. In contrast, when Ko = 2, the
variation of the geometric parameter d/ro was effective for improv-
ing the thickness distribution on the substrate during the deposition
process. Therefore, geometric parameters or geometric variation
should be carefully optimized with the initial seed layer resistance
and final film thickness.
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List of Symbols

a seed layer thickness, cm
b local electrodeposit thickness, cm

bavg average electrodeposit thickness
bmax maximum local electrodeposit thickness, cm
bmin minimum local electrodeposit thickness, cm

c concentration of copper ion, mol cm−3

d distance between insulating hole entrance and cathode, cm
D diffusion coefficient, cm2 s−1

F Faraday’s constant, 96,487 C/equiv
h1 length of the height in the insulating hole, cm
h2 length of the height in the anode, cm
h3 length of the height in the bottom chamber, cm
h4 length of the height in the insulator, cm

iavg average current density on the cathode, A/cm2

ic local current density on the cathode, A/cm2

io exchange current density, A/cm2

il limiting current density
l length of the width in the insulator, cm
1

Downloaded 23 Dec 2010 to 24.106.113.125. Redistribution subject to E
l2 length of the width in the insulator, cm
l3 length of the width in the anode, cm
l4 length of the width in the insulator, cm
l5 length of the width in the bottom chamber, cm

Ko dimensionless initial seed layer resistance
rho radius of the hole in the electrical current shield, cm
ro radius of the cathode, cm
n valence number, equiv/mol
r cylindrical coordinate, cm
R ideal gas constant, 8.314 J/mol K
s cathode conductance, 
−1

t time, s
T absolute temperature, K

Vanode potential of anode, volt
Vm electrode potential at cathode current collector, volt
Wa Wagner number

z cylindrical coordinate, cm

Greek

�c cathodic charge-transfer coefficient, 0.5
� electrolyte conductivity, 
−1 cm−1

� kinematic viscosity of the solution, cm2 s−1

	 molar density of the electrodeposit, mol cm−3

�a seed layer conductivity, 
−1 cm−1

�b deposit conductivity, 
−1 cm−1

�m potential in electrode, V
�s potential in electrolyte, V
� gradient operator
� angular rotation rate of the electrode, rad/s
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