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ABSTRACT

We report the shape evolution of initial copper bumps at Peclet numbers higher than a hundred. The role of vortices
and of penetration flow within the cavity was discussed with numerical fluid dynamics computation to obtain a bump
with a single hump at the center. The current distributions, or flux profiles, were calculated at the diffusion controlled
overpotential and were compared with the electrodeposited bump shapes. For the 100 jim cavity width, the vortices
increase at the upstream corners with Peclet numbers 1410 and 7311. The vortices are the local resistance of mass trans-
fer to the cathode. These vortices cause the hollows in flux profiles at the upstream corner with these Peclet numbers. The
penetration flow collides with the photoresist sidewall and the vortices decrease at downstream corners.These decreased
vortices cause the increase in flux profile at downstream corners. For a 30 jim cavity width a single large vortexforms
for the higher Peclet number 44,500 and a single hump in flux is achieved.

Introduction

Electrodeposited bumps are the indispensable micro-
connectors for high density interconnection in the latest
microelectronics applications. For example, interconnec-
tion between microprocessors after 32 bits and random
access memory (RAM) demand bumps, since the number of
pads are several hundreds and the number is increasing
for every new model. The bumps may be used not only as
a substitute for wire bonding {tape automated bonding
(TAB) and flip chip]"2 but also as a new testing method for
bare chips with high pin counts.3 Another application is
the interconnection between liquid crystal display (LCD)
and driver chips, which are mostly interconnected with
TAB. The bumps act as microconnectors of TAB technolo-
gy and conduct digital signals from the chip to the LCD

pixels.4
The bumps are electrodeposited onto dot-shaped cath—

odes several 10 to 200 jim in diameter. The cathode, or
photolithographic patterns, are patterned by photomask
and photoresist. The control of electrodeposited bump
shapes as well as the uniformity in their heights are
important for exhibiting proper interconnection reliabili-
ty.1 The bump shape with hump at the center, mushroom
shape, is required for high density interconnection.
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The role of mass transport in etching rectangular cavi-
ties formed by photoresist was discussed extensively by
the following authors. Alkire and Deligianni developed a
two-dimensional numerical fluid dynamics computation
to study the electrolytic etching of copper.5'6 The flow pat-
terns were classified into two modes for the rectangular
cavity of aspect ratios of 1.0 and 0.25, and their etch rate
distributions were compared. Georgiadou and Alkire re-
ported the experimental results on chemical etching of
copper.78 They also developed numerical fluid dynamics
computation to study the presence of sparingly soluble
surface film and compared the average etch rate with ex-
periment for cavity aspect ratios of 1.0 and 0.20. Shin and
Economou studied electrolytic etching by numerical fluid
dynamics of moving boundary for forced and natural con-
vection.'0 They found that natural convection is effective
for rinsing the dissolution products out of deep cavities.
Jaw et at. studied jet electrochemical micromachining of
throughholes. They found that changing nozzle diameter,
cell voltage, nozzle-to-sample distance, and electrolyte
flow is effective in shape control of throughholes."12

Bumping is electrodeposition onto dots and rectangular
cavities formed by photoresist. Dukovic developed a two-
dimensional numerical computation of tertiary current dis-
tribution. The moving boundary problem was discussed on
shape evolution of copper electrodeposit and the effect of
resist wall angle and leveling agent was reported.'3 Simon
and Reichel developed a high speed gold bumping process
and reported their bump shapes with a fountain-type plat-
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Electrodeposited bumps are the indispensable micro-
connectors for high density interconnection in the latest
microelectronics applications. For example, interconnec-
tion between microprocessors after 32 bits and random
access memory (RAM) demand bumps, since the number of
pads are several hundreds and the number is increasing
for every new model. The bumps may be used not only as
a substitute for wire bonding {tape automated bonding
(TAB) and flip chip]"2 but also as a new testing method for
bare chips with high pin counts.' Another application is
the interconnection between liquid crystal display (LCD)
and driver chips, which are mostly interconnected with
TAB. The bumps act as microconnectors of TAB technolo-
gy and conduct digital signals from the chip to the LCD
pixels.4

The bumps are electrodeposited onto dot-shaped cath-
odes several 10 to 200 p.m in diameter. The cathode, or
photolithographic patterns, are patterned by photomask
and photoresist. The control of electrodeposited bump
shapes as well as the uniformity in their heights are
important for exhibiting proper interconnection reliabili-
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shape, is required for high density interconnection.
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The role of mass transport in etching rectangular cavi-
ties formed by photoresist was discussed extensively by
the following authors. Alkire and Deligianni developed a
two-dimensional numerical fluid dynamics computation
to study the electrolytic etching of copper." The flow pat-
terns were classified into two modes for the rectangular
cavity of aspect ratios of 1.0 and 0.25, and their etch rate
distributions were compared. Georgiadou and Alkire re-
ported the experimental results on chemical etching of
coppet7" They also developed numerical fluid dynamics
computation to study the presence of sparingly soluble
surface film and compared the average etch rate with ex-
periment for cavity aspect ratios of 1.0 and 0.20.' Shin and
Economou studied electrolytic etching by numerical fluid
dynamics of moving boundary for forced and natural con-
vection." They found that natural convection is effective
for rinsing the dissolution products out of deep cavities.
Jaw et al. studied jet electrochemical micromachining of
throughholes. They found that changing nozzle diameter,
cell voltage, nozzle-to-sample distance, and electrolyte
flow is effective in shape control of throughholes."

Bumping is electrodeposition onto dots and rectangular
cavities formed by photoresist. Dukovic developed a two-
dimensional numerical computation of tertiary current dis-
tribution. The moving boundary problem was discussed on
shape evolution of copper electrodeposit and the effect of
resist wall angle and leveling agent was reported." Simon
and Reichel developed a high speed gold bumping process
and reported their bump shapes with a fountain-type plat-
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ing cell.'4 Detailed studies on shape evolution of gold
bumps were discussed by Kondo et aL" We studied the
effects of dot diameter, electrolyte flow, and additive on
bump shapes. The numerical fluid dynamics computation
study on initial stage of gold and copper bumps at lower
Peclet number of less than a hundred were also reported.'6"7

The present investigation discusses the shape evolution
of copper bumps at Peclet numbers higher than a hundred.
The role of penetration and vortex flows within the cavi-
ties are discussed to obtain a bump with a single hump at
the center which is necessary for high density intercon-
nection. Further, the initial bump shapes electrodeposited
at diffusion controlled overpotentials are compared with
the current distribution calculated by the numerical fluid
dynamics.

Numerical Analysis and Experimental
Two-dimensional cross sections of dot patterns were

analyzed numerically by solving the equation of continu-
ity, Navier-Stokes equations, and mass-transfer equation.
The computational area and the boundary conditions are
illustrated in Fig. 1 and the details are given in Ref. 17.
The numerical method proposed by Patankar" is adopted
for discretization and pressure equation calculation. The
dimensionless Peclet number is defined as follows

Pe = hu62h/D

Electrodeposition and photolithography conditions are
presented in Ref. 17. The photolithographed substrates
have dot patterns of 100 p.m in diam and these patterns are
located 8 mm from the center of the rotating disk elec-
trode. The substrates were attached to the rotating disk
electrode and rotational speed varied from 200 to
3000 rpm. The bumps were electrodeposited potentiostat-
ically at the diffusion controlled overpotential. The bumps
were observed by scanning electron microscopy (SEM)
with sample stage tilting of 1.22 rad.

Results and Discussion
Stream functions and isoconcentration contours.—

Figure 2 shows the normalized stream functions for the
100 p.m cavity width calculated by the numerical fluid
dynamics. Cathodes are located at the cavity bottom and
are illustrated with slant lines. Photoresists 10 p.m in
height are located at both sides of the cathodes. The elec-
trolyte flows from left to right as indicated by arrows. The
Peclet numbers are 126, 1410, and 7311 for Fig. 2 a, b, and
c, respectively.

The vortices occur at the corners of cathodes both at up-
and downstream. The streamline 6 is the penetration flow
which starts from the upstream side bulk solution to the
cathode centers at cavity bottoms and to the downstream
side bulk solution. The vortices at upstream side corners
increase and grow toward the downstream side with the
increase in Peclet numbers. The vortices at the down-

Fig. 1. Illustration of two-dimensional cross section of photoresist
and cathode; x- and y-coordinates and the boundary conditions
are shown.

U / / / , / 17150! ff1/Ill /100
x, jim

Fig. 2. Effect of Peclet numbers on stream lines. The cavity width
was 100 p.m. (a) Pe = 126, (b) Pc = 1410, and (c) Pe = 7311.

stream side corners decrease with the increase in the
Peclet numbers.

Figure 3 shows the isoconcentration contours for the
100 p.m cavity width calculated by numerical fluid
dynamics. The location of cathodes and photoresists are
the same as in Fig. 2. The copper ions are consumed on
cathodes at the cavity bottoms and the concentration
boundary layer develops. The Peclet numbers are 126,
1410, and 7311 for Fig. 3a, b, and c, respectively. The iso-
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Fig. 3. Effect of Peclet numbers on isoconcentration contours. The
cavity width was 100 p.m. (a) Pc = 126, (b) Pe = 1410, and (c)
Pc = 7311.
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ing cell.'4 Detailed studies on shape evolution of gold
bumps were discussed by Kondo et al.1' We studied the
effects of dot diameter, electrolyte flow, and additive on
bump shapes. The numerical fluid dynamics computation
study on initial stage of gold and copper bumps at lower
Peclet number of less than a hundred were also reported."7

The present investigation discusses the shape evolution
of copper bumps at Peclet numbers higher than a hundred.
The role of penetration and vortex flows within the cavi-
ties are discussed to obtain a bump with a single hump at
the center which is necessary for high density intercon-
nection. Further, the initial bump shapes electrodeposited
at diffusion controlled overpotentials are compared with
the current distribution calculated by the numerical fluid
dynamics.

Numerical Analysis and Experimental
Two-dimensional cross sections of dot patterns were

analyzed numerically by solving the equation of continu-
ity, Navier-Stokes equations, and mass-transfer equation.
The computational area and the boundary conditions are
illustrated in Fig. 1 and the details are given in Ref. 17.
The numerical method proposed by Patankar19 is adopted
for discretization and pressure equation calculation. The
dimensionless Peclet number is defined as follows

Fe =

Electrodeposition and photolithography conditions are
presented in Ref. 17. The photolithographed substrates
have dot patterns of 100 p.m in diam and these patterns are
located 8 mm from the center of the rotating disk elec-
trode. The substrates were attached to the rotating disk
electrode and rotational speed varied from 200 to
3000 rpm. The bumps were electrodeposited potentiostat-
ically at the diffusion controlled overpotential. The bumps
were observed by scanning electron microscopy (SEM)
with sample stage tilting of 1.22 rad.

Results and Discussion
Stream functions and isoconcent ration contours.—

Figure 2 shows the normalized stream functions for the
100 p.m cavity width calculated by the numerical fluid
dynamics. Cathodes are located at the cavity bottom and
are illustrated with slant lines. Photoresists 10 p.m in
height are located at both sides of the cathodes. The elec-
trolyte flows from left to right as indicated by arrows. The
Peclet numbers are 126, 1410, and 7311 for Fig. 2 a, b, and
c, respectively.

The vortices occur at the corners of cathodes both at up-
and downstream. The streamline 6 is the penetration flow
which starts from the upstream side bulk solution to the
cathode centers at cavity bottoms and to the downstream
side bulk solution. The vortices at upstream side corners
increase and grow toward the downstream side with the
increase in Peclet numbers. The vortices at the down-
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Fig. 1. Illustration of two-dimensional cross section of photores;st
and cathode; x- and y-coordinates and the boundary conditions
are shown.
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Fig. 2. Effect of Peclet numbers on stream lines. The cavity width
was 100 p.m. (a) Pe 126, (b) Pc = 1410, and (c) Pc 7311.

stream side corners decrease with the increase in the
Peclet numbers.

Figure 3 shows the isoconcentration contours for the
100 p.m cavity width calculated by numerical fluid
dynamics. The location of cathodes and photoresists are
the same as in Fig. 2. The copper ions are consumed on
cathodes at the cavity bottoms and the concentration
boundary layer develops. The Peclet numbers are 126,
1410, and 7311 for Fig. 3a, b, and c, respectively. The iso-

Fig. 3. Effect of Pedet numbers on isoconcentration contours. The
cavity width was 100 p.m. (a) Pe 126, (b) Pe 1410, and (c)Pc = 7311.
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Fig. 4. Effect of Peclet num-
bers on flux (normalized
Sherwood number) profiles. The
cavity width was 100 sun. (a) Pc
= 126, (b) Pc = 1410, and (c)
Pc = 7311.
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concentration contours converge and come close to the
cathodes with the increase in the Peclet numbers. The iso-
concentration contours form distortions both at up- and
downstream corners for Fig. 3b and c because of the large
convection within the vortices.

Flux profiles on cathodes—Figure 4 shows the current
distributions, or flux profiles, for the 100 sm cavity width
calculated from the isoconcentration contours. The flux is
expressed by the ratio of local and maximum dimension-
less Sherwood numbers, Sh/Shmax.The Peclet numbers are
126, 1410, and 7311 for Fig. 4a, b, and c, respectively. For
the Peclet number of 126, Fig. 4a, the Sh/Shmax is constant
at the upstream side of x = 0 to 10 sm. This ratio decreas-
es toward the downstream and also becomes constant at
the downstream side of x = 90 to 100 sm. For Peclet num-
ber 1410 (Fig. 4b), the ratio is low at x = 0 and increases
rapidly from x = 0 to 10 sm. The ratio decreases toward
the downstream side and slightly increases again at the
downstream side of x = 90 to 100 sm. For Peclet number
7311 (Fig. 4c), the ratio is also' low at x = 0 and increases
rapidly from x = 0 to 10 m. The ratio decreases toward
the downstream side and increases at the downstream side
of x = 95 m.

At the upstream side corner, the vortices increase and
grow toward the downstream side with the increase in
Peclet numbers (Fig. 2). The vortices are the resistance of
mass transfer to the cathode because the vortices recircu-
late within themselves and are not able to capture the cop-
per ion.16'17 These resistances of mass transfer flatten the
flux profile at the upstream side corner for Peclet number
126 (Fig. 4a). Further increase in the Peclet numbers to
1410 and 7311 decrease the flux and cause hollows in the
flux profiles at upstream side corners (Fig. 4b, c). At the
center of the cavity, the flux decreases gradually from the
up- to the downstream side because of the penetration
flows (Fig. 2). These penetration flows transport fresh bulk
electrolyte of high copper ion concentration from the
upstream side to the bottom surface and to the down-
stream side. As this bulk electrolyte moves from the up- to
the downstream side along the cathode surface, the copper
ions are consumed and the flux decreases. At the down-
stream side corners, the vortices decrease with an increase
in the Peclet numbers of 1410 and 7311 (Fig. 2b, c). These
increase the flux at the downstream side corners (Fig. 4b,
c). These decreases in vortices are due to the collision
between the penetration flows and the photoresist side-
walls at the downstream side corners.

Bump shape evolution at diffusion controlled overpoten-
fiat—Figure 5 shows the cathodic polarization curves for
Peclet numbers 126, 498, and 1410. The current density
increases as the Peclet numbers increase. The potential of

—450 mV vs. 3.33 mol KC1-AgCl is diffusion control for all
Peclet numbers and this potential is used to electrodeposit
the bumps.

Figure 6 shows SEM micrographs of initial bump shapes
electrodeposited on the dot cathode 100 jsm in diameter at
the potential —450 my vs. 3.33 mol KC1-AgC1. Total num-
ber of coulombs was 4.0 C/cm2. The larger arrow in Fig. 6a
shows the direction of electrolyte flow. The bump shape is
flat at the upstream side corner and this is indicated with
a smaller arrow in Fig. 6a. The bump height decreases
toward the downstream and also becomes flat at the
downstream side corner. For Fig. 6b, the bump height
increases rapidly at the upstream side corner and the
height decreases toward the downstream side and slightly
increases again at the downstream side corner. For Fig. 6c,
the bump height also increases rapidly at the upstream
side corner and the height decreases toward the down-
stream side and increases again at the downstream side
corner (indicated with an arrow). These observed initial
bump shapes coincide well with the calculated flux profile
shown in Fig. 4.

Shape evolution at higher Peclet numbers—The two
vortices exist separately at the up- and downstream side
corners for 100 sm cavity width (Fig. 2). These vortices are

0
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fig. 5. Cathodic polarization curves. (a) Pc 126, (1,1 Pc = 498,
and jc) Pc = 1410.
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Peclet numbers (Fig. 2). The vortices are the resistance of
mass transfer to the cathode because the vortices recircu-
late within themselves and are not able to capture the cop-
per ion.16'17 These resistances of mass transfer flatten the
flux profile at the upstream side corner for Peclet number
126 (Fig. 4a). Further increase in the Peclet numbers to
1410 and 7311 decrease the flux and cause hollows in the
flux profiles at upstream side corners (Fig. 4b, c). At the
center of the cavity, the flux decreases gradually from the
up- to the downstream side because of the penetration
flows (Fig. 2). These penetration flows transport fresh bulk
electrolyte of high copper ion concentration from the
upstream side to the bottom surface and to the down-
stream side. As this bulk electrolyte moves from the up- to
the downstream side along the cathode surface, the copper
ions are consumed and the flux decreases. At the down-
stream side corners, the vortices decrease with an increase
in the Peclet numbers of 1410 and 7311 (Fig. 2b, c). These
increase the flux at the downstream side corners (Fig. 4b,
c). These decreases in vortices are due to the collision
between the penetration flows and the photoresist side-
walls at the downstream side corners.

Bump shape evolution at diffusion controlled overpoten-
tial.—Figure 5 shows the cathodic polarization curves for
Peclet numbers 126, 498, and 1410. The current density
increases as the Peclet numbers increase. The potentialof

—450 mV vs. 3.33 mol KC1-AgCl is diffusion control for all
Peclet numbers and this potential is used to electrodeposit
the bumps.

Figure 6 shows SEM micrographs of initial bump shapes
electrodeposited on the dot cathode 100 p.m in diameter at
the potential —450 my vs. 3.33 mol KC1-AgC1. Total num-
ber of coulombs was 4.0 C/cm2. The larger arrow in Fig. 6a
shows the direction of electrolyte flow. The bump shape is
flat at the upstream side corner and this is indicated with
a smaller arrow in Fig. 6a. The bump height decreases
toward the downstream and also becomes flat at the
downstream side corner. For Fig. 6b, the bump height
increases rapidly at the upstream side corner and the
height decreases toward the downstream side and slightly
increases again at the downstream side corner. For Fig. 6c,
the bump height also increases rapidly at the upstream
side corner and the height decreases toward the down-
stream side and increases again at the downstream side
corner (indicated with an arrow). These observed initial
bump shapes coincide well with the calculated flux profile
shown in Fig. 4.

Shape evolution at higher Peclet numbers—The two
vortices exist separately at the up- and downstream side
corners for 100 p.m cavity width (Fig. 2). These vortices are
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Fig. 5. Cathodic polorizotion curves. (a) Pe = 126, (b) Pe = 498,

and jc) Pe = 1410.
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Fig. 6. Effect of Peclet numbers on bump shapes for 100 m dot
diameter. The bumps were formed by potentiostatic electrolysis at
the diffusion controlled region of —450 mV vs. 3.33 mol KCI-AgCI.
(a) Pe = 126, (b) Pe = 1410, and (c) Pe = 7311.
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Fig. 7. Effect of Peclet numbers on stream lines and isoconcenfration contours. The cavity width was 30 p.m. Stream lines for (a) Pe = 7311
and (b) Pe = 44,500; isoconcenfration contours for (c) Pe = 7311 and (d) Pe = 44,500.
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expected to merge into one for shorter cavity width at
higher Peclet numbers. Numerical fluid dynamics results
are shown below.

Figure 7 shows the stream functions and the isoconcen-
tration contours. For the Peclet number of 7311, the two
vortices grow toward the center and start to merge togeth-
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Fig. 6. Effect of Peclet numbers on bump shapes for 100 m dot
diameter. The bumps were formed by potentiostatic electrolysis at
the diffusion controlled region of —450 mV vs. 3.33 mol KCI-AgCI.
(a) Pe = 126, (b) Pe = 1410, and (c) Pe = 7311.
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Fig. 7. Effect of Peclet numbers on stream lines and isoconcenfration contours. The cavity width was 30 p.m. Stream lines for (a) Pe = 7311
and (b) Pe = 44,500; isoconcenfration contours for (c) Pe = 7311 and (d) Pe = 44,500.
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expected to merge into one for shorter cavity width at
higher Peclet numbers. Numerical fluid dynamics results
are shown below.

Figure 7 shows the stream functions and the isoconcen-
tration contours. For the Peclet number of 7311, the two
vortices grow toward the center and start to merge togeth-
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Fig. 8. Effect of Peclet numbers on flux (normalized Sherwood

number) profiles. The cavity width was 30 jim. (a) Pc = 7311 and
(bJ Pc = 44,500.

er at x = 18 jim. For Peclet number 44,500, two vortices
merge into one and form a single large vortex. The isocon-
centration contours form distortions because of the large
convection within the vortices. The vortices circulate
clockwise (Fig. 2, 7), Flow direction of these vortices along
the cathode surface are from the down- to the upstream
side. Because of this flow direction, the copper ions are
consumed and the flux decreases toward the down- to
upstream side.

Figure 8 shows the flux profiles on cathodes. Figure 8a
has two peaks in its profile which correspond to the exis-
tence of two vortices. One peak is at x = 10 jim at the
upstream side and the other peak is at x = 28 jim at the
downstream side. In Fig. 8b, single hump at x = 25 jim
exists which corresponds to the formation of a single large
vortex at the cavity center.

Conclusion
The current distributions, or flux profiles, were calcu-

lated by the numerical fluid dynamics and compared with
the initial bumps electrodeposited at Peclet numbers high-
er than a hundred. The role of penetration and vortex
flows within the cavities were discussed in order to obtain
bumps with single humps at the centers.

1. The vortices form separately both at up- and down-
stream side corners for 100 jim cavity width. These vor-
tices, however, merge into one and form a single large vortex
for the 30 jim cavity width of high Peclet number 44,500.

2. For the 100 jim cavity width of Peclet number 126, the
current distribution, or the flux profile, is constant at the
upstream side corner. The flux profile decreases toward
the downstream and also becomes constant at the down-
stream side corners. For Peclet number 1410, the flux
decreases and increases rapidly at the upstream side cor-
ner and increases slightly at the downstream side cornet
For Peclet number 7311, the flux increases significantly at
the downstream side. These flux profiles coincide well
with the initial bump shapes electrodeposited on the 100
jim diameter patterns at the diffusion controlled overpo-
tential.

For the 30 jim cavity width of the Peclet number of
44,500, however, the flux profile has a single hump at the
centet

3. The vortices are the resistance of mass transfer to the
cathode. The vortices increase with the increase of the
Peclet numbers 1410 and 7311 at the upstream side comet
These vortices decrease in flux profile at the upstream side
corners. The vortices decrease with the increase of the

Peclet numbers at the downstream side cornet This
decrease in vortices causes an increase in flux profiles.

For the 30 jim cavity width of Peclet number 7311, the
two vortices at the up- and downstream side start to merge
together. For Peclet number 44,500, the vortices merge into
one and form a single large vortex. The flux profile of the
single hump at the center is achieved because of this sin-
gle large vortex.
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LIST OF SYMBOLS
c concentration, mol m3
D diffusion coefficient, m2 s'
h resist height, m
k [(D ac/ay150)/Ac] mass transfer coefficient, m s
L cathode length, m
P static pressure, Pa
Pe Peclet number, Pe = huY2h/Dr radius of photomask pattern, m
Sh Sherwood number, Sh = kL/D
Shma* maximum value of the Sherwood number
u velocity in the x-direction, m s
v velocity in y-direction, m s
x coordinate in the streamwise direction, m
y coordinate normal to the cathode surface, m
v kinematics viscositj, m2 s
ji viscosity, kg mt s
p density, kg m3
fi number of rotation, s
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Fig. 8. Effect of Peclet numbers on flux (normalized Sherwood
number) profiles. The cavity width was 30 pm. (a) Pc = 7311 and
(b) Pc = 44,500.

er at x = 18 p.m. For Peclet number 44,500, two vortices
merge into one and form a single large vortex. The isocon-
centration contours form distortions because of the large
convection within the vortices. The vortices circulate
clockwise (Fig. 2, 7). Flow direction of these vortices along
the cathode surface are from the down- to the upstream
side. Because of this flow direction, the copper ions are
consumed and the flux decreases toward the down- to
upstream side.

Figure 8 shows the flux profiles on cathodes. Figure 8a
has two peaks in its profile which correspond to the exis-
tence of two vortices. One peak is at x = 10 p.m at the
upstream side and the other peak is at x = 28 p.m at the
downstream side. In Fig. 8b, single hump at x = 25 p.m
exists which corresponds to the formation of a single large
vortex at the cavity center.

Conclusion
The current distributions, or flux profiles, were calcu-

lated by the numerical fluid dynamics and compared with
the initial bumps electrodeposited at Peclet numbers high-
er than a hundred. The role of penetration and vortex
flows within the cavities were discussed in order to obtain
bumps with single humps at the centers.

1. The vortices form separately both at up- and down-
stream side corners for 100 p.m cavity width. These vor-
tices, however, merge into one and form a single large vortex
for the 30 p.m cavity width of high Peclet number 44,500.

2. For the 100 p.m cavity width of Peclet number 126, the
current distribution, or the flux profile, is constant at the
upstream side corner. The flux profile decreases toward
the downstream and also becomes constant at the down-
stream side corners. For Peclet number 1410, the flux
decreases and increases rapidly at the upstream side cor-
ner and increases slightly at the downstream side corner.
For Peclet number 7311, the flux increases significantly at
the downstream side. These flux profiles coincide well
with the initial bump shapes electrodeposited on the 100
p.m diameter patterns at the diffusion controlled overpo-
tential.

For the 30 p.m cavity width of the Peclet number of
44,500, however, the flux profile has a single hump at the
center.

3. The vortices are the resistance of mass transfer to the
cathode. The vortices increase with the increase of the
Peclet numbers 1410 and 7311 at the upstream side corner.
These vortices decrease in flux profile at the upstream side
corners. The vortices decrease with the increase of the

Peclet numbers at the downstream side corner. This
decrease in vortices causes an increase in flux profiles.

For the 30 p.m cavity width of Peclet number 7311, the
two vortices at the up- and downstream side start to merge
together. For Peclet number 44,500, the vortices merge into
one and form a single large vortex. The flux profile of the
single hump at the center is achieved because of this sin-
gle large vortex.
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