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FOREWORD

Electrochemical engineering has become a more quantitative discipline
during the past two to three decades because scientists have made great strides
in understanding electrochemical phenomena. The structure of the double-layer,
the phenomena of adsorption, desorption, and charge transfer are all being
elucidated. These events and the resulting cross-fertilization have lead to a
more rational and quantitative way of designing and optimizing electrochemical
processes. Organizers for Area 1e of the AIChE, Electrochemical Fundamentals,
have been responsive to the need to disseminate the progress being made in
this dynamic field.

This volume consists of @ number of papers presented at a symposium
consisting of six sessions of the AIChE Fall Annual Meeting, November 2-7,
1986, in Miami Beach, Florida. Papers are reported that relate fundamental
electrochemistry and industrial electrochemical processes. Two sessions
included a number of mathematical models of batteries and fuel cells of
practical interest. Although mathematical modeling and simulation have made
significant improvements in cell design, the models do need basic information
about the kinetics of industrial reactions. Therefore, three sessions were
organized on this topic. Finally, one session was dedicated to the application of
electrochemistry in the nuclear industry.

This volume highlights some of the advances being made in applying
engineering and scientific principles to understanding industrial electrolytic
systems. We hope this Symposium Series Volume will be a useful reference to
those involved in this effort.

Ralph E. White

Department of Chemical Engineering
Texas A&M University

College Station, TX

Robert F. Savinell

Department of Chemical Engineering
Case Western Reserve University
Cleveland, OH

Alfred Schneider
Nuclear Engineering Department

Georgia Institute of Technology
Atlanta, GA
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KINETICS OF COPPER DISSOLUTION AT
OXYGEN FREE AND PHOSPHORIZED ANODES

J.D. Reid and A.P. David m IBM Corporation, 1701 North Street, Endicott, NY 13760

The steady-state current potential and impedance characteristics of copper disk electrodes submerged in typical sulfuric
acid cupric sulfate plating solutions were studied. A single charge transfer step limits the dissolution rate over a wide range
of interfacial current densities and solution agitation conditions at pure and oxygen free copper anodes. At phosphorized
anodes, two kinetic steps contribute to limit the overall dissolution rate under most conditions. Addition of polyethylene
glycol and chloride ion to a solution polarized the dissolution process at each of the anode materials. Polarization appeared
to result from formation of an adsorbed barrier to diffusion of dissolved ions from the interface, rather than a change in the

dissolution mechanism.

SCOPE

A1l industrial electrodeposition processes
involve a concurrent anodic dissolution
reaction, usually involving the same metal or
alloy being deposited. Within the printed
circuit industry electrolytic copper deposi-
tion and dissolution processes are used
extensively for formation of conductive
surfaces. Composition of the copper anodes
used in these processes is usually a rela-
tively pure "oxygen-free" copper or a copper
containing a substantial atomic percent of
phosphorous., Little fundamental work has
appeared regarding dissolution kinetics at
these anodes. An improved understanding of
the fundamental differences between electro-
lytic dissolution of oxygen-free and
phosphorized copper anodes should serve to
improve the basis upon which anodes are
selected for a given deposition process.
This is particularly relevant considering the
recent industry trend toward acid copper
electroplating for which phosphorized copper
anodes are usually recommended.

INTRODUCTION

The kinetics of copper dissolution in
sulfuric acid have been extensively studied
since the early 1950's (1-4). It is
generally agreed that the charge transfer
reaction:

Cu2+

- +
+ e e— (Cu

limits the deposition or dissolution rate
under most conditions. A relatively fast
charge transfer or surface diffusion step
involving the reaction:

+ -
Cu + e

€« (u

usually influences the overall reaction rate
only near the open circuit potential. It has
been suggested that two charge transfer
reactions as well as a surface transport step
are involved in the overall reaction under
Tow overpotential conditions (5,6).

Electrolytic copper deposition processes
involving a concurrent dissolution process at
a copper anode are presently of great impor-
tance in the printed circuit industry. While
cathodic kinetic processes are most directly
involved in the formation of acceptable
copper deposits, anodic kinetics are also
important in determining total power consump-
tion and the extent to which anodic oxidation
of organic additive species occurs. Anodes
utilized in these processes have traditionally
been a highly refined "oxygen free" copper or
a "phosphorized" copper containing between
0.02 and 0.08 percent phosphorous (7).
Relatively little work has appeared regarding
the dissolution kinetics of these commonly
used anodes, especially in the presence of
the organic additives frequently found in the
electroplating baths.
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AC impedance measurements are easily
applied to the determination of kinetic
parameters of steady state processes, and
have previously been utilized in the study of
copper dissolution and deposition (8-10). We
have therefore used these measurements, along
with steady state current-potential charac-

teristics of a rotating disc copper electrode,

to investigate dissolution kinetics at
typical copper anodes.

Steady state current potential relations
at the rotating ‘disc electrode were inter-
preted in terms of the Levich and Tafel
equations, which have been described exten-
sively elsewhere (11). Impedance data were
ana]yzed using the equivalent circuit shown
in Figure 1. A typical dual semicircle
impedance plane or Nyquist plot (IPP) of the
impedance data usually associated with this
circuit is also shown. In this model (12),
R1 represents the charge transfer resistance
of the Cu?*<«—> Cutreaction and Cl1 is the
associated double layer capacitance. R2 is
the resistance limiting the Cu* e Cu(0)
charge transfer and C2 is the associated
capacitance. The dual parallel RC network
equivalent circuit model was chosen as the
most easily utilized representation of the
two step dissolution of copper. As is
generally true of equivalent circuit models,
values of the R and C parameters may differ
from realistic physical values when the model
differs from the true system in any way.

IMPEDANCE PLANE PLOT
0.0002 TO 100000 Hz

IMAGE IMPEDANCE
)
T

0 A n 1 1 1

10
CI = .00002 Rl R2
10k R2 = 2 I ’ l
C2 = 05
c| — c2

(o] 5 10 15 20

REAL IMPEDANCE

Figure 1. Equivalent circuit diagram and
associated impedance plane plot
used as a model of copper
dissolution kinetics.

EXPERIMENTAL

Impedances were measured, as previously
described (13) using a frequency response
analyzer, a potentiostat, and a standard lab
computer.
a Luggin capillary, allowed accurate inter-
facial potential control with the three-
electrode system. All potentials were
measured and are reported relative to the
mercury/ mercury sulfate/satd. potassium
sulfate reference electrode. Steady-state
interfacial currents were monitored with a
low impedance ammeter connected in series
with the counter electrode and the potentio-
stat and were recorded on an X-Y chart
recorder.

An AC amplitude of 0.005 V RMS or
smaller was used in all studies. The AC
amplitude was chosen so that AC current was
less than two percent of DC current at any
potential. Measured impedances were not
strongly influenced by the AC signal ampli-
tude in reported studies.

The electrolyte in all studies, except
as otherwise specified, was 0.2 M CuSO,
dissolved in 1.8 M H,S0,. Reagent grade or
better copper sulfate pentahydrate and
sulfuric acid were used in all studies.
Solutions were equilibrated with ambient
atmospheric conditions.

A11 studies used epoxy shrouded custom

machined sol1d copper rotating disc electrodes

of 0.4 cm? area. Electrode materials were
pure copper (99.999%), standard oxygen free
anode copper, and an anode containing 0.05
percent phosphorous. Prior to any impedance
measurements, steady state currents were
allowed to equilibrate at a given potential
for at least five minutes. An electrode
rotation rate of 500 RPM was used except as
otherwise noted.

RESULTS AND DISCUSSION

Steady State Current - Potential
Characteristics

Steady-state current potential relation-
ships for dissolution of oxygen free, pure,
and phosphor1zed copper anode materials are
shown in Figure 2. Each of the electrode
materials exhibit nearly identical polariza-
tion curves at current densities of less than
100 mA/cm?. At higher current densities, the
pure and oxygen free materials continue to
show similar behavior, but dissolution of the
phosphorized anode occurs at increasingly

AIChE SYMPOSIUM SERIES

A custom made glass cell, utilizing
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polarized potentials. A black tilm usually
became visible on the phosphorized electrode
during dissolution, while the oxygen free and
pure copper surfaces continued to have a
crystalline metallic appearance. This film
may have been involved in increasing the
phosphorized electrode polarization through
either physical blockage of dissolution sites
or by increasing the Cut or Cu?* concentration
at the interface. At current densities of
less than 10 mA/cm? a reproducible (+ 10%)
steady-state potential or current was not
reached within five minutes.

B PURE COPPER ;/
¥ OXYGEN FREE COPPER !
® PHOSPHORIZED COPPER|

1201 , [ ]

100 i
80+ ,l ,," "/'
60

P

CURRENT DENSITY (mA/cmkx2)

20} v

) Ad ) ' | L )
—8.40 -0.38 -0.36 -0.34 -0.32 -0.30 -0.28 -0.26
POTENTIAL (V)

Figure 2. Steady-state current potential
relationships for dissolution of
copper at a rotating disc electrode
submerged in the standard sulfuric
acid-cupric sulfate electrolyte.

A relatively insignificant dependence of
copper dissolution current density upon
electrode rotation rate was observed in all
systems studies except when electrode passi-
vation or film formation occurred at lower
rotation rates. Figure 3 shows a typical
Levich plot measured at phosphorized copper
at potentials of -0.18, -0.24, and -0.31 V
using rotation rates between 100 and 6000
RPM. At each of these potentials, inter-
facial currents were only 5 to 15% greater at
6000 RPM than at 100 RPM. Over a wide
current density range, the overall copper
disso]ution rate is determined largely by Cu
or Cu oxidation charge transfer kinetics
from the unit activity solid regardless of
mass-transfer effects associated with solution
agitation. The small dependence of dissolu-
tion current upon rotation rate which was

observed may be the resuit of both a reverse
(reduction) reaction involving the high Cu*
concentration near the interface and a shift
in the instantaneous rest potential. A
cathodic rest potential shift would result in
an increased effective applied overpotential
for any measured potential. The instantaneous
rest potential may become more cathodic at
high rotation rates as the cupric ions which
are generated are removed more rapidly from
the interface. It is well known that the
rest potential of a copper electrode in
copper sulfate obeys an approximately
Nernstian relation over a wide interfacial
cupric ion concentration range.

8-0.31V
0-0.24V
v-0.18 V
0.025 .
S, B
0.020 |-
T
~
¥ o.0I15F
£
o
~
a
£ o.010f
< 0000 L -
0.005 - L L 2 L DU SRR v
o- ooo L 1 1 1 1 1 J
000 001 0.02 0.03 0.04 0.05 006

I/@0**.5 (radians)-0.5

Figure 3. Levich plots of copper dissolution
measured at phosphorized copper
using electrode rotation rates
between 100 and 6000 RPM.

Tafel plots constructed from Levich plot
extrapolations of limiting current densities
are shown in Figure 4 for pure and phosphor-
ized copper. Over the potential range shown
neither mass transfer nor cathodic back
reactions should contribute measured results.
In both cases, however, considerable curvature
of the plots is evident and interpretation of
the data is difficult. Observation of the
phosphorized electrode surface suggests that
formation of a film or precipitate layer,
especially at the higher overpotentials,
introduced a physical barrier to current flow
not accounted for by the Tafel model. Using
the Tinear fits to the data at tower over-
potentials shown in Figure 4, exchange
currents of 11 and 7 mA/cm? are calculated
for the pure and phosphorized copper
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respectively. An inverse Tafel slope of

120 mV/decade and a transfer coefficient of

« = 0.5 are determined for both phosphorized
and pure copper. The exchange currents are
in reasonable agreement with those supported
previously (1,5). The Tafel slope and the
transfer coefficient do not agree well with
typical reported values of 40 mV/decade and

« = 1.5, possibly as a result of the potential
region over which the Tafel lines were drawn.

e PURE COPPER
® PHOSPHORIZED COPPER

3.0-w ! 3 L
-035 -0.30 -0.25 -0.20

POTENTIAL (V)

Figure 4. Tafel plots of anodic copper
dissolution constructed from
limiting current estimated from
Levich plot extrapolations.

An upper 1imit to the current density
was set by formation of a passivating CuSO,
precipitate film at the interface. Upon
formation of the precipitate, the current
dropped to zero at potentials within the 10V
output 1imit of the potentiostat. Figure 5
shows Levich type plots of the maximum steady
state current (not generating a passivating
film) as a function of the electrode rotation
rate. The phosphorized and pure copper anode
materials are nearly identical with respect
to passivating film formation. For each
anode a maximum steady state current of about
100 mA/cm?® is possible at 100 RPM, while at
1600 RPM the maximum current is 200 mA/cm2.
The Tinear Levich plot indicates that a
copper sulfate film, the dissolution of which
is dependent on interfacial solution flow, is
largely responsible for passivation. It was
found that passivation occurred at lower
current densities with increasing bath
sulfuric acid or copper sulfate concentra-
tions, in agreement with cupric sulfate
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precipitate film formation mechanism. It
should be noted that the Levich plots do not
extrapolate to 1/i = 0 at 1/w = 0, as would

be anticipated if copper sulfate precipitation
were the only passivation mechanism. This
suggests that a precipitate such as a thermo-
dynamically unstable cupric oxide may also
form at the interface, independent of the
electrode rotation rate.
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Figtire 5. Levich plots of the maximum
achievable steady-state current
density not resulting in copper
passivation as a function of
electrode rotation rate.

As shown in Figure 6, the addition of
300 ppm polyethylene glycol along with 35 ppm
chloride ion to the acid copper solution
results in a substantial (25 to 75 mV)
polarization of the copper anodes. Previous
studies (14,15) have suggested that many
polymers, including PEG, adsorb at and
polarize the copper cathode interface. The
effect has been attributed to formation of a
stabilized Cu+ intermediate and to formation
of a film through which diffusion of the
cupric jon to the interface is inhibited.
The polarizing effect of PEG-C1~ adsorption
was most pronounced at the oxygen free and
pure copper electrodes in comparison to the
effect at phosphorized anodes. The origin of
this difference is unclear, but the presence
of copper phosphate species at the interface
may act to inhibit adsorption of the
polarizing PEG-CI] layer. Adsorption of PEG
in the absence of C17 polarized the interface
by only 5 to 20 mV and C1~ alone had no
detectable effect at 35 ppm concentrations.
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This suggests the formation of a strongly
adsorbed C1-PEG complex or enhanced adsorp-
tion of PEG upon sites at which C1° is
adsorbed at the interface.
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Figure 6. Steady-state current potential
relationships for copper
dissolution in the presence of 300
ppm PEG and 35 ppm C1 .

Impedance Characteristics

Figure 7 shows impedance plane plots for
pure, oxygen free, and phosphorized copper
measured at a steady state anodic current
density of 1 mA/cm?. Over the frequency
range studied (0.4 to 60,000 Hz) a single
depressed semicircle is observed for both
oxygen free and pure copper. We interpret
the appearance of this single semicircle as
indicating dissolution rate control involving
a single charge transfer step at an inhomo-
geneous electrode surface. At phosphorized

copper, the resolution of two semicircles
indicates that two distinct physical steps
contribute significantly to limiting the
dissolution rate.
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Figure 7. Impedance plane plots measured
during 1 mA/cm?® steady-state copper
dissolution in the standard acid
copper electrolyte.

The width, in Ohms, of the semicircles
on the real impedance axis is equal to the
effective charge or mass transfer resistance
of each reaction. Capacitances associated
with the IPP semicircles are calculated using
the relation T= 1/w = RC, where R is the
width and T is the time constant of the
semicircle.

Oxygen-free and pure copper IPP's yield
charge transfer resistances of 16 and 21
Q/cm® respectively. In each case, an inter-
facial capacitance of approximately
150 uF/cm? is calculated. This value is
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within the range associated with compact
layer charge separation at a rough metallic
surface in a concentrated electrolyte.

At phosphorized copper resistances of 8
and 3 @/cm? and associated capacitances of
2000 and 150 uF/cm? are determined from the
IPP semicircles. The higher frequency
semicircle (3 Q/cm? - 150 uF/cm2) appears to
correspond to a charge transfer coupled in
parallel with a compact layer capacitance as
described for pure and oxygen-free copper.
The Tower frequency semicircle yields a
capacitance of 2000 uF/cm?, a value larger
than those normally associated with electrode
processes. Such a high capacitance could
originate fgom rapid generation and recombin-
ation of Cu’ within a very small plane
(*107'° M) at the copper surface.

Figures 8 and 9 show IPP's measured at
the copper anodes during steady-state current
densities of 9 and 85 mA/cm? respectively.

As was observed at 1 mA/cm?, two semicircles
are resolved at phosphorized copper while
only one feature is resolved at the pure and
oxygen free copper. Dissolution of phos-
phorized copper appears to be a two step
process over a wide current density range,
while dissolution of pure and oxygen-free
copper is limited by a single charge transfer
step.
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Figure 8. Impedance plane plots measured
during 9 mA/cm? steady-state copper
dissolution in the standard acid
copper electrolyte.
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Figure 9. Impedance plane plots measured
during 85 mA/cm? steady-state
copper dissolution in the standard
acid copper electrolyte.

As shown in Figure 10, effective charge
transfer resistances, as determined from IPP
semicircle widths, decrease sharply with
increasing overpotential or current as is
anticipated for reactions with an approx-
imately exponential dependence on potential.
It is of interest to note that for phos-
phorized copper the relative resistance of
the high frequency semicircle to that of the
Tow frequency semicircle increased at higher
currents. This suggests that the Cu2+ « _3Cut
reaction (associated with the high frequency
semicircle) becomes increasingly important in
limiting the dissolution rate as the current
is increased. At lower currents, the reaction
rate is largely determined by the Cu «—> Cu*
generation process associated with low fre-
quency semicircle. Previous studies at
various copper substrates have concluded that
the Cu?* <5 Cut reaction is rate Timiting
except at very Tow current densities. At
oxygen-free and pure copper, where a single
high frequency semicircle is resolved, it
appears that the Cu? +e—» Cu* reaction is
rate limiting over the entire current density
range studied.
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Figure 10. Effective charge transfer
resistances for copper dissolution
as a function of applied
potential.

Exchange currents of 1.1, 1.3, and 1.7
mA/cm? for pure, oxygen-free, and phosphorized
copper respectively were determined from rest
potential impedance data using the relation:

io = RT/nFRCt

where F is Faraday constant, T is temperature,
n is electrons per molecule oxidized, R is

the gas constant, and Rt is the charge
transfer resistance. The values are somewhat
Tower than those determined from Tafel plot
extrapolations but are within the range
previously reported for copper in sulfuric
acid (1,5).

Double Tayer capacitances, determined
from IPP semicircles, are shown as a function
of potential in Figure 11. The general
decrease of values with increasing over-
potential is thought to reflect a decrease in
anode surface area or roughness at higher
currents. Capacitance differences between
different anodes likewise suggest that
steady-state surface area at the phosphorized
copper is generally greater than at pure or
oxygen-free copper. The data suggests a
potential independent compact layer, rather
than a Gouy-Chapmann layer (which should show
a capacitance increase with increasing
potential). The capacitance calculated from
the Tow frequency phosphorous semicircle
remain in the range of 2000 to 6000 uF/cm?
over the potential range studied.
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Figure 11. Interfacial capacitance as a
function of potential during
copper dissolution in the standard
electrolyte.

_ Upon addition of 300 ppm PEG and 35 ppm
Cl~ to the base acid copper electrolyte,
charge transfer resistances measured at a
given overpotential increased substantially.
The increasingly polarized current-potential
curves_(Figure 6) observed in the presence of
PEG-C1 are a manifestation of this increased
charge transfer resistance. At oxygen-free
and pure copper, the general impedance
characteristics were not otherwise changed.
Generally, the IPP's measured at a larger
overpotential in the presence of PEG-CI~ were
identical to those obtained at a lower
overpotential in the base system. This _
behavior indicates that the effect of PEG-CI
additions is to slow the kinetics of the rate
Timiting step, but not to change the nature
of the step. A diffusional barrier mechanism
of rate limitation, rather than one involving
Cu®*or Cu* complexation is suggested by the
unchanged nature of the impedance behavior.

Phosphorized copper impedance behavior
in the presence of PEG-C1~ was altered
considerably. At all potentials the "high
frequency" semicircle associated with double
layer capacitance was resolved, however only
within the 15 to 25 mA/cm? current density
range was a second semicircle (low frequency
- high capacitance) resolved. PEG-C]~
adsorption appears to have selectively
inhibited the charge transfer associated with
the high frequency semicircle, thus making
this feature dominant in the IPP.
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The addition of sulfonated or mercapto
"brightener" species to the acid copper
system resulted in the resolution of two IPP
semicircles at pure, oxygen-free, and phos-
phorized copper. The altered impedance
behavior indicates that these species adsorb
at the anode as well as at the cathode in
acid copper baths. Since molecules with
pendant sulfur atoms generally exhibit very
high affinity for Cut, it would be expected
that these molecules would be largely present
as complexes with Cut at the surface. The
second IPP semicircle resolved in this case
probably corresponds to a charge transfer
reaction involving a stabilized mercapto-
cuprous complex.

CONCLUSIONS AND SIGNIFICANCE

During steady-state anodic copper
dissolution conditions typical of production
acid copper plating baths the dissolution
rate is limited by kinetic rather than
diffusional or convection processes. The
kinetics of dissolution determine the anodic
overpotential associated with any plating
current and thus influence total power
consumption and the oxidation of any organic
species present in the bath. As anodic
current densities are increased above 100
mA/cm? diffusion of cupric ion away from the
interface begins to 1imit the overall dis-
solution rate in the absence of substantial
convection. Formation of a passivating
cupric sulfate film at the anode occurs at a
current density which decreases with de-
creasing solution convection. Passivation of
anodes in plating baths results in marked
increases of organic additive oxidation as
well as power consumption. The steady-state
dissolution kinetics of oxygen free, phos-
phorized, and pure copper anodes were
generally similar. Each of the anodes was
polarized to some extent by the addition of
the typical bath constituents polyethylene
glycol and chloride ion to solution. Dis-
solution at the oxygen free and pure copper
anodes appeared to be controlled by a single
kinetic step, while two kinetic steps con-
tributed to limiting dissolution at phos-
phorized anodes.
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