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AsstrRaCT: Two electroplating test cells have been proposed and tested to analyze the performance of plating
solutions by studying the reaction distribution on the cathode during deposition of copper electrolyte. The
first one is a modified Mohler cell composed of a rectangular electrolytic cell with forced electrolyte flow and
two flat electrodes (an insulating separator is inserted between the cathode and anode). This screen modifies
the electric field distribution, and leads to a non-uniform current distribution or deposit thickness on the
cathode panel. The other is a rotating cylinder Hull cell consisting of an inner rotating cylinder electrode
coaxial with a stationary outer insulating tube to produce a non-uniform current distribution along the
length of a cylinder cathode. These kinds of cells are developed to overcome the absence of a controlled mass
transport condition associated with the tradition Hull cell. From the experimental results, it appears that the
rotating cylinder Hull cell is a better device to characterize and control electrolytic bath, while the experimental

errors of the continuous Mohler cell were accounted for using simulation.

Keyworps: Mohler cell, Rotating Cylinder Hull cell, electroplating test cell, current distribution

INTRODUCTION

Electrochemical plating is used to give a particular
property to acomponent. This can be a decorative (e.g.
silver, gilding), physical or mechanical property (e.g.
hard chromium), or protection against corrosion (e.g.
nickeland chromium). Itis often purposely carried out
under non-uniform current distribution, using
electroplating test cells. In a single experiment,
electroplaters can be used to study the effect of a wide
range of current densities on deposit morphology and
composition, saving time and cost in the investigation.

The Hull cell* (Fig. 1), developed by Hullin 1939,
isaversatile tool to analyze the performances of plating
solutions. Itisatrapezoidal structure where the cathode
isplaced atan oblique angle with respect to the anode.
The cell allows variable solution resistance between
the electrodes such that metals can therefore be
deposited over a wide range of current densities. The
Hull cell can also provide deposit properties at various
current densities on a single test panel, making it a
useful tool for quality control in electroplating.

Althoughitisuseful in many applications, the Hull
cell plating mass-transport conditions are variable and
itis often necessary to stir the electrolyte vigorously to
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Fig 1. The traditional Hull cell.

improve mass transfer condition at the electrode
surface. Usually, amagnetic stirrer or air agitation near
the cathode is employed, but neither provides
reproducible mass transfer. In order to overcome this,
numerous studies have been made to improve mass
transfer in the Hull cell or other types of test cells *~.
In these studies, a rotating electrode, in the form of a
cone or cylinder, was employed to provide well-defined
hydrodynamic conditions and increase the magnitude
of operating cathodic current densities. Lu* proposed
several designs using conical and cylindrical electrodes.
The described cell configurations, however, were either
empirical or of complex geometry and therefore, had
limited applicability. In this investigation, a modified
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Mohler cell is adopted, consisting of a rectangular cell
with forced electrolyte flow, and two electrode plates
has been developed to provide well-defined
hydrodynamic conditions. The insulating screen placed
between the cathode and anode modifies the electric
field in such a way to produce a variation of current
density across the cathode plate. The continuous flow
provides a stable hydrodynamic flow. The aim of this
work is to design and to build a modified Mohler cell
that is capable to reproduce constant hydrodynamic
conditions at the cathode surface by forcingelectrolyte
flow parallel to the electrode.

MATeRIALS AND METHODS

Regardless of the purpose of the plating operation,
the distribution of an electrodeposit on a substrate is
determined by the local current density at each point
along the cathode surface and by the cathodic current
efficiency (at that one applied average current density).
The primary current distribution depends only on the
geometry of the electrochemical cell. Itisindependent
of the properties of the solution. The distortion of the
primary current distribution by polarization at the
electrode results in the secondary current
distribution®.

The uniformity of the secondary current
distribution depends on cell geometry and on the value
of the Wagner number, Wa. Wagner number expresses
the ratio of the polarization resistance at the electrode
surface (dn/di) and the ohmic resistance (p . L) of the
electrolyte, where 1is the overpotential and dn/diis the
slope of the potential current curve.

fag " L

Here pistheelectrolyte resistance, kis the electrolyte
conductivity (k=1/p),i_ istheaverage current density,
ﬂc is cathodic Tafel constant, and L is a characteristic
length of the system. As Wa is increased, the current
distribution becomes more uniform. The primary
current distribution corresponds to Wa value near zero,
andisattained wheni_ are high. In order to study the
primary current distribution (Wa tends towards zero),
large cell dimensions and/or high current densities are
required 7. Secondary current distribution is always
more uniform than the primary current distribution.
Under conditions where the polarization resistance
becomes dominating, i.e., when the Wa tends towards
infinity, the current distribution becomes more perfectly
uniform, and less dependent of geometry. Finally, in
presence of significant mass transports (and its
polarization effects), a tertiary current distribution

dn / D
Wa = A: ﬂck
p-L
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often prevails. The current distribution in this case
depends on both the potential distribution and mass
transport.

The local current density depends not only on
charge transfer kinetics, but also on mass transport
and current distribution. Thus, all three phenomena
must be taken into account in modeling metal deposition
and in experimental design. The laboratory studies on
metal deposition should therefore be carried outunder
controlled hydrodynamic and current distribution
conditions at the cathode.

Mohler Cell

Mass transfer conditions could have a strong effect
on deposit properties. Accordingly, providing
reproducible mass transfer conditions, which can result
from a well-defined hydrodynamic flow, is important
forassessing an electrolyte performance. In this study,
the uniform mass transfer to the electrode surface in
the modified Mohler cell is provided by flowing the
electrolyte through the cell parallel to the electrodes
(Fig. 2). The two side walls of rectangular cell are
therefore open to let the forced electrolyte flow.
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Fig 2. The modified Mohler cell with forced electrolyte flow.

A schematic diagram of the Mohler cell ® is shown
in Fig. 3. It is a rectangular cell with a plastic screen
placed between the cathode and anode, and
perpendicular to the potential direction.

Inthe Mohler cell, the current distribution depends
on the shape of the insulator. One insulator with a
single slitalongthe side of the screen, givesalogarithmic
current distribution along the cathode, while the other
insulator containing three slits providesalinear current
distribution. As shown in Fig. 3 (a), the screen was
placed between the electrodes at 25 mm from the
cathode, and 50 mm from the anode. The different
insulating screens modify the electrical field along the
two electrodes resulting in different types of current
distribution on the electrodes.
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Fig 3. Schematic of the Mohler cell. (a) Top view of the Mohler
cell. (b) The screen with one slit along the side. (c) The
screen with three slits.

Experimental

The electrolytic cell was designed like the traditional
Mohler cell, except that this electrolyte flow was parallel
to the electrode surface. Therefore, two side walls of
the rectangular reactor were open.

As shown in Fig. 4, the experimental device
comprised a 10-literselectrolytic tank (T), a centrifugal
pump (P), a electrolytic cell, 79 mm height , 70 mm
widthand 100 mm long (C) and two 0.7-m-longadaptive
channels (A) to pass electrolyte from the circular section
of the pipes to the rectangular section of the cell and
to ensure a fully developed flow in the cell.

("
>

Fig 4. Electrolyte cell configuration. (T) electrolytic tank; (A)
adaptive channel; (C) electrolytic cell; (P) centrifugal

pump.
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The electrical circuit included a 10 A - 30 V,
regulated DC power supply ZS 3205 (Philips). The
cathode was a stainless steel sheet. The anode was a Ti/
RuO, grid with an active area of 52.5x10*m* The
cathode wasa 70x10-*m? stainless steel sheet with the
deposited area of 27 x10* m? (Fig. 5).

Analytical reagents were used to prepare the
electrolyte solutions. The copper sulfate bath was
composed of 37 g.dm” Cu** and H,SO, was used for
adjust pHat4. The solutions were keptat 25 °C. Copper
deposits were obtained at constant current densities at
0.22,0.30and 1.11 mA.mm™. Theelectrolytic flow rate
was 0.7 dm’.s™.

The current density is related to the mass deposit
through Faraday’s law.

04 = nEW ()
i Mt

ave

(x" is the dimensionless length) (2)

where M is the atomic weight of copper (63 g.
mol™!), nis valence, F is Faraday’s constant (96484.6
C.mol ™), tistime (s), and Wis the deposit weight (g).

The deposited area (27 x10* m?) corresponds to
the upper part of the cathode because previous works’
have shown that uniform deposits are obtained in this
area (by optimizing the deposited zone that provides
uniform deposited layer). Before the deposition
process, the cathode plate was coated by a resin, except
on the deposited area. After electrolysis, the copper
content on the deposited area was protected by resin
and divided into 9 samples of the same surface area
(samples 1t09). The resin of the sample part 1 was first
to be removed using trichloroethylene then this was

A sample part where resin has been peeled off with trichloroethylene
A sample part which is protected by resin

resin
0.05 0.170.280.39 0.50 0.610.720.830.94 X"= x/h

| L | | | | | | | l
l 8 mm|
30 mm|
70 mm
: 32 mm|
5mm10 mm 5 mm

h =90 mm
100 mm

Fig 5. Partition of copper deposit on cathode surface of the
Mobhler cell.
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followed by the dissolution of the copper deposit in
nitric acid and analyzed using atomic absorption
spectrometry. This process was repeated for all 9
samples, as seen in Fig. 5.

Rotating Cylinder Hull Cell

The Rotating Cylinder Hull (RCH) configuration
(Fig. 6) was used for the investigation of galvanostatic
deposition investigation where the working electrode
wasanickel cylinder (15 mmin diameter). The rotating
rate was controlled by a servo-control of a rotating
electrode (model EDI 101 Radiometer, Copenhagen).
Aninsulating cylindrical wall with a diameter of 53 mm
was placed around the electrode in order to induce a
controlled non-uniform primary current distribution
along the electrode length. The counter electrode was
aPt/RuO, grid (78 mm in diameter) placed around the
outside of the insulating tube. The current and potential
was controlled by a DEA 332 Digital Electrochemical
analyzer (Radiometer), piloted by the software Master
2°. The reference electrode was a saturated calomel
electrode.

cathode
S

N

10 mm
x/h= 0 ( maximum current ) 117 mm
h=60
mm 83 mm|
x/h= 1 ( minimum current ) N ad

15 mm

13 mm -
insulator
T 53 mm
78 mm

Fig 6. A schematic diagram of the conventional RCH cell.

A sample part where resin has been peeled off with trichloroethylene

A sample part which is protected by

Insulating part of the cylinder, Teflon

0102 03 04 05 0607 08 09 1.0x=x/h

6 mm

h =60 mm

Fig 7. Partition of copper deposit on the cylinder cathode of
the RCH cell.
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Experimental

Deposition was performed galvanostatically at
average current densities ranging from 0.71x10?
mA.mm~ to 9.2x10? mA.mm™ corresponding to
Wagner numbers between 0.4 and 0.03 (Table 1). The
rotation speed was performed at 1250 rpm. All deposits
were plated at a constant temperature of 24 °C. Prior
to deposition, the nickel cylinder cathode was polished
with sandpaper and rinsed with distilled water. The
electrolyte was standard to the one used for the modified
Mohler cell investigation. The cathodic Tafel constant
was found to be 8 = 30.8 mV and the electrolyte
resistance was 0.187 U m. The time duration was
increased when the current densities decreased in
order to keep convenientaccuracy for the measurement
of the copper deposition rate.

After electrolysis, the copper content on cylinder
cathode were protected by resin and cut into give a
number of 10 samples of the same surface area (samples
1to 10). The resin of the sample part 10 was first to be
removed using trichloroethylene then was followed by
the dissolution of the copper deposit in nitric acid and
analyzed using atomic absorption spectrometry. This
process was repeated for all 10 samples, as seen in
Fig. 7.

Ahigh copper concentration (37 g.dm) was used
to minimize the influence of mass transport. Current
efficiency for the copper deposition (measured by

Table 1. Operating conditions for RCH tests.

i . (mAmm™) Wa t(s)
9.20x10? 0.03 726
4.58x10? 0.06 726
2.76x10? 0.1 2358
1.41x10? 0.2 2358
0.71x102 0.4 10800
1.500F -
2 1.000 X ¥ ° o
2 xooa R Yo B
= ° A NS X
0.500 t t t t
0 0.2 0.4 N 0.6 0.8 1
A e =0.22 mAmm2 * igye = 0.30 MAMTM-2
° gy =022MAMM2 e primary current distrioution

Fig 8. Dependence of dimensionless current density distribu-
tion versus dimensionless distance at various average
current densities, and comparison with theoretical
results corresponding to a primary current distribution.
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Fig 9. Dimensionless current density (i (x)/im) represented as
a function of the dimensionless length (x*) along the
cathode at various average current densities correspond-
ing to different Wagner numbers.

weight gain experiments) was found to be approximately
100 % for all deposits.

ResuLts AND DiscussioN

Current Distributions in the Mohler Cell

In order to verify the linear current distribution in
the Mohler cell, the three slits screen was used. Fig. 8
shows the experimental dimensionless current density
(i(x)/i ) versus the dimensionless length (x" = x/h)
along the distance of the cathode. The observed current
density along the length of the cathode decreases from
theinlet to the mid point of the cell, and increases from
this point to the outlet.

The variation of current versus the reduced distance
does not produce a linear current distribution. The
local current density is found to vary within a range
fromabout0.18to 1.33 mA.mm™foraverage deposition
current densities ranging from0.22to 1.11 mA. mm™.
It was found that the ratio of the maximum (obtained
atx" = 0.05) to the minimum dimensionless current
density (obyained at x" = 0.05 and 0.5, respectively)
was only 2. Thus, the current variation at the cathode
doesnot cover awide range of current distribution for
each average current studied. In addition, there is an
edge effect at the inlet and outlet of the cathode, seen
as the increased current at x" = 0.05 and 0.94,
respectively.

To further understand this results of this kind of
current distribution behavior in the modified Mohler
cell, a two-dimensional simulation of the primary
current distribution in this cell was made. A more
detailed discussion on assumptions and limitation of
the model in this study has been given elsewhere %!
and is identical to the previous publication'?. The
comparison between experimental data and the primary
current distribution derived by employing the
Laplace sequationisalsoshownin Fig8. The simulation
results confirm that the current variation is not linear,
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and that border effects are also observed. Results do
not present an obvious difference between the
maximum and the minimum ends of the dimensionless
current density, which are due to the border effects.
The simulation result presents alittle higher value atx”
=0.05 compared to those obtained atx” = 0.94, but the
difference between these valuesislow. In other words,
the border effects are higher than slits effects.

The border effectsare attributed to the modification
of the configuration of the classical Mohler cell by
putting out the side walls of rectangular reactor to let
the electrolyte flow conveniently. Therefore, the current
not only flows through to the slitbut can also to the slit’s
border, resulting the loss of current at the inlet and
outlet of the electrode. Consequently, the cell could not
provide a wide current distribution range, resulting in
the production of a non-linear current distribution
and border effects.

This modified Mohler cell is thus not useful as a
screening tool or to control the quality of the bath
compared with the traditional Hull cell or the classical
Mohler cell. Further investigations have been
performed with the other type of plating test to obtain
more evenly produced current distributions along the
cathodic length. Rotating Cylinder Hull cell (RCH )
described recently in the literature and developed by
Madore et al>"'*> has been employed.

Verification of Current Distribution in RCH

In Fig. 9, the experimentally determined
dimensionless current densities (i(x*)/iaw) are
represented as a function of the dimensionless length
(x" = x/h) along the cathode. High Wa numbers are
indicative of a more uniform current distribution.

The variation of current versus the dimensionless
distance does not present a border effect, the local
current density was found to vary within a range from
about 3.4x1072to 0.4 mA.mm~for average deposition
current densities ranging from 0.71x10? to 9.2x10
mA.mm. The ratio of the maximum to the minimum
current (obtained at x” = 0.05 and 0.94, respectively)
is 7, whichis 3.5 times higher than that obtained in the
Mohler cell. The variation thus covers a wider current
distribution range than the experiments performed
with the modified Mohler cell.

The theoretical primary current distribution,
dashed line, for the RCH cell (Fig. 9) can be represented
by the following analytical expression .

Good agreement was found between the empirical
curve and the experimental curves for Wagner numbers
(Wa) ranging from 0.03 to 0.06. Therefore, it can be
concluded that experiments performed with Wa
number lower than 0.03 are representative of current
distributions that are nearly primary. However, Wa
numbers higher than 0.4 are representative of current
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i (x*) = 0.652—0.609 (x*) +2.66 x 10-3 x exp {4.53 (x*)}

i {0.0209 + (x /h )2}

ave

distributions that are secondary. The latter is clearly
differentiated from the primary current distribution
calculated from the empirical equation (3). In this case,
the current distribution is much more uniform than
those observed at lower Wagner number.

Copper Plating Involving a Mass Transport Limited
Step

The mass transfer effects were investigated in the
RCH cells using an average current density of 9.2x10-
mA.mm, atvaried rotation rates ranging from 250 to
2500 rpm. Deposition times were 720 seconds at a
temperature of 22 °C. The electrolyte contained a low
copper concentration (1.6 g.dm> Cu®), in order to
facilitate mass transport control of the copper
deposition reaction.

Fig. 10 shows the variation of dimensionless current
density distribution as a function of dimensionless
distance at various rotating speeds. Ata speed of 1250
and 2500 rpm, the variation of current densities yield
current distributions that are nearly primary, resulting
in good agreement when compared with the
experimental results with those from the model.
However, at 250 rpm, current distribution is more
uniform and corresponds to a secondary current
distribution (clearly differentiated from the empirical
curve and more uniform). Consequently, the effect of
mass transport could be observed at the speed 250
rpm. Moreover, the current efficiency of the rotating
speed at 250 rpm is less than 100 %.

CoNCLUSION

Two kinds of cells have been tested in order to

—2—speed = 2500 pm
—=—speed = 1250 om

—*%—speed =250 pm
-------- primary curert distrioution

Fig 10. Variation of dimensionless current density distribu-
tion versus dimensionless distance at various rotating
speeds.
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determine the best device to characterize electroplating
baths. The first is the modified, flow-through Mohler
cell, this cell was designed, built and tested for copper
deposition fromacid baths. By positioning an insulating
screen between the parallel electrodes, the electric
field was distorted to produce a distribution of currents
across the cathode surface of Mohler cell. In this cell,
mass transfer was imposed by the electrolyte flow
parallel to the electrodes, and the experiments
performed with this cell can be used to simulate
electroplating under industrial hydrodynamic
conditions, especially for modern types of industrial
cells where mass transfer is imposed by circulation.
With exception of the edge effects at the inlet and
outlet of the cathode, the ratio of the maximum to
minimum current densities studied was low, ranging
from 1 to 2, this fact was confirmed by simulating a
primary current distribution. However, it was
concluded that this cell is not very useful as a bath
control cell, in which alarge range of current densities
must occur. The large area cathode allows study of the
influence of the current on the deposit structure.
Onthe other hand, Rotating Cylinder Hull cell, RCH
has been tested using the same electrolyte. It has been
shown that experimental results agree well with the
empirical formula determined for primary current
distribution. In this case the ratio of the maximum to
the minimum current (7) covers wider range of current
disribution than those observed from the modified
Mohler cell. Therefore, this device constitutes a very
pertinent piece of equipment to bath control.
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NOMENCLATURE
F Faraday’s constant, 96484.6 C.mol™
h cathode length, mm
i, average current density, mA.mm-
k electrolyte conductivity, S.m"
L characteristic length of the system,
mm
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M atomic weight of copper, 63 g.mol™!

n number of electron transfer (eq uiva-
lent. mol™")

t time, s

W deposit weight, g

X dimensionless length
(iG)fi,)  dimensionless current density
Wa. Wagner number

Greek characters

n overpotential, mV

P electrolyte resistance, 0.187 U.m

B cathodic Tafel constant, 30.8 mV
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