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ABSTRACT

Electrodeposited alloys find many applications in the electronics, micromechanics and surface finishing industry. The
composition of electroplated alloys is governed by the kinetics of the partial electrode reactions and it can be modeled in terms of
mixed potential theory commonly used in corrosion science. Due to competitive adsorption phenomena at the electrode surface,
the partial currents of codepositing metals can be larger or smaller than those in single metal plating under otherwise identical
conditions. The present paper provides an overview of fundamental aspects of alloy deposition and of phenomena which
determine deposit composition. The role of mass transport and current distribution is outlined, and modeling of anomalous and
induced codeposition behavior is discussed and illustrated with examples. Pulse plating of alloys is considered taking into
account the role of the displacement reactions during the off-time.
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Figure 1 - Factors influencing the composition and structure of
electroplated alloys.

The functional properties of electrodeposited alloys depend on their chemical composition and on their structure on the micro
and nano scales. Many factors affect the composition and microstructure of electrodeposited alloys; some of them are listed in
Fig. 1. In this paper, we shall focus on electrochemical phenomena which determine the alloy composition. For a discussion of
structural aspects the reader is referred to the literature.35

Brenner, in his classic book on alloy deposition,! presented a comprehensive discussion of how electrochemical conditions affect
the composition of electroplated alloys. Based mostly on thermodynamic arguments, he distinguished "normal” and "anormal”
codeposition behavior. In "normal" codeposition, the more noble element deposits more readily and the composition of the
deposit reflects that of the solution. "Anormal” behavior, according to Brenner, includes "anomalous" and "induced"
codeposition. Anomalous codeposition means that the less noble metal deposits preferentially, as is typically observed during
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codeposition of the iron group metals Fe, Ni and Co with each other or with Zn. Induced codeposition indicates that a metal
which cannot be deposited in pure form can be codeposited as an alloy, well-known examples being the codeposition of
molybdenum or tungsten with iron group metals. A more modern approach to codeposition, in addition to taking into account
thermodynamics, must consider the kinetics of the partial electrode reactions as well as mass transport and homogeneous
chemical reactions in the diffusion layer.6 Using numerical modeling, codeposition reactions can be studied quantitatively in
order to get a better understanding of how electrochemical mechanisms determine the composition of electrodeposited alloys.”

The purpose of the present paper is to discuss fundamental aspects of alloy deposition and to show how the kinetics of partial
reactions affect the resulting alloy composition. Experimental aspects related to the study of alloy deposition will be considered,
and the importance of control of current distribution and mass transport conditions will be stressed. Theoretical models
describing anomalous and induced codeposition will be briefly presented to illustrate the role of charge transfer kinetics,
adsorption reactions and mass transport in alloy deposition. Finally, pulse plating of alloys will be discussed and the role of
corrosion reactions taking place during the off-time and the effect of additives will be illustrated with examples.

Basic concepts
Mixed electrodes

The theory of mixed electrodes was originally developed by Wagner and Traud® and later by Stern and Geary? to describe states
that the measured current density at a mixed electrode is the sum of the partial current densities of all anodic and cathodic
reactions (anodic partial current densities are usually taken as positive and cathodic partial current densities as negative). At the
corrosion potential (open circuit potential), the measured current density is zero and the sum of the anodic partial current
densities is therefore equal to that of the cathodic partial current densities. Normally, during alloy deposition at least three
electrochemical reactions proceed simultaneously on the cathode, the deposition of the alloy constituents and the formation of
hydrogen. For deposition of a binary alloy AB this yields

where ia and is are the partial current densities of alloy components A and B, respectively, and ix is the current density for
hydrogen formation. The current efficiency for alloy deposition and the composition of the deposited alloy can be expressed in
terms of partial current densities. For deposition of a binary alloy AB, this yields for the current efficiency

e = latls 2)

and for the alloy composition (expressed as mole% of B)

i/
X = ﬁmo (3)
A B

Here na is the charge number for the deposition of alloy component A, and ns that for deposition of B. It follows from these
equations that for given plating conditions the composition of electrodeposited alloys and the current efficiency are uniquely
determined by the value of the partial current densities.

Variation of alloy composition with potential; Kinetic & thermodynamic aspects

Figure 2 illustrates how the kinetics of partial reactions affect the composition of electrodeposited alloys. It schematically shows
plots of the logarithm of the partial current densities (absolute value) versus, potential for different electrode kinetics typically
encountered in alloy electro-deposition. One assumes deposition of a binary alloy AB, where A is the thermo-dynamically more
noble element (equil-ibrium potential: ErA > ErB). For simplicity the hydrogen reaction is not shown in the figure. Figure 2(a)
presents a situation where both alloy elements codeposit under activation control, i.e., the charge transfer at the electrode
surface is rate limiting and the deposition obeys Tafel kinetics. The two Tafel slopes are assumed to be equal. At potentials
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more negative than E:g the ratio of the partial current
losllll densities for deposition of A and B is constant and
\/ —g——\/ therefore the composition of the deposited alloy is
! independent of potential. In Fig. 2(b), both elements
A : codeposit at the limiting current under diffusion control.

Pt YT Again, the alloy composition is constant over a wide
potential range corresponding to the limiting current

logli] logli X p plateaus (in practice this situation might lead to dendrite
B ! formation, however). Figure 2(c) shows a situation where
both elements code-posit under activation control, but
- contrary to Fig. 2(a), the Tafel slope of element B here is

. higher than that of element A. The alloy composition
E therefore varies with potential. At not too cathodic
Potential potentials, the partial current density of A dominates and

Figure 2 - Schematic showing the logarithm of the partial current  the deposited alloy contains mostly that element. On the
densities for components A and B forming a binary alloy. Compo-  Other hand, at very negative potentials, the partial current

logll b)

log current density

Er B Er,& Ers  ErA

nent A is thermodynamically more noble than B. (a): Both com- ~ density of B dominates and the alloy deposit therefore
ponents are under activation control kinetics and exhibit identical ~ contains mostly B. Note that over a wide potential range,
Tafel slopes; (b): Both components exhibit a limiting current; the less noble element B deposits at a higher rate than
(c): Both components deposit under activation control and exhi-  the more noble element A. The thermodynamic

bit different Tafel slopes; (d): Component A exhibits a limiting equilibrium potential therefore gives no indication about
current, component B deposits under activation control. the alloy composition resulting from codeposition. Figure

2(d) shows a situation where element A deposits under
diffusion control and element B under activation control. At potentials positive to the equilibrium potential of B only the more
noble element A deposits, while at very negative potentials deposition of B dominates. The described situation is typical for alloy
plating electrolytes containing a noble element at low concentration and a less noble element at high concentration. Examples
are copper-nickel and copper-cobalt electrolytes used for fabricating composition modulated multilayer alloys.10-13

Generally, the rate limiting step of a partial reaction depends on the concentration of the reacting species in the electrolyte and
on their degree of complexing. Transport limited deposition is favored by a small concentration of the depositing species and
absence of inhibition, while activation controlled deposition is favored by a high concentration and strong inhibition. Adsorption
of codepositing species can also influence the partial reaction rates as will be discussed in a subsequent section.

Experimental considerations
Determination of partial current densities
To study the codepositon behavior one needs to know how the partial current densities vary with potential. Unfortunately, partial

current densities cannot be measured directly. Rather, their value must be calculated from the quantity and composition of the
deposited alloy. For example, for a binary alloy AB and a deposit of thickness Ad, the partial current density of B is

iB Mg AtXB palloyAd (4)

Here Xz is the mass fraction of element B in the alloy, Ms is the atomic mass of element B, At is the deposition time, paioy is the
density of the alloy and ns is the charge number of element B. Note that paioy Ad = maiey corresponds to the total mass deposited
per surface area. One can therefore measure either the thickness or the mass of the deposit.

Different chemical and physical methods are available for determining the composition of deposited alloys. The average
composition can be obtained by chemical solution analysis after chemical or electrochemical dissolution of the deposit or by
physical methods such as x-ray fluorescence (XRF). Electron microprobe analysis, microspot XRF, or scanning Auger electron
spectroscopy can be used to determine the local composition of alloy deposits.
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Control of current distribution & mass transport conditions

In alloy deposition the uniformity of deposit thickness and composition depends on the partial current density distribution. Ideally,
alloy deposition experiments therefore should be carried out under conditions of uniform partial current densities over the entire
cathode. This requires a uniform potential distribution (primary current distribution) and uniform mass transport conditions, but in
practice it is difficult to satisfy both requirements. In general, one therefore has to find a compromise between achieving a
reasonably uniform primary current distribution and reasonably uniform mass transport conditions. In our laboratory, recessed
rotating cylinder electrodes and recessed rotating disk or inverted rotating disk electrodes have been found particularly useful in
that respect.4-16

A different approach often used in electroplating practice i !

. . t ount
is based on the Hull cell.'” The classic Hull cell has a decrode [Ty slectrode == motor
highly non-uniform but well-characterized primary / ” /

L fa . / . contact / _- conlact
current distribution, permitting one to cover a wide range — . <

of current densities in a single experiment. On the other
hand, mass transport conditions are not well controlled
in the classical Hull cell. For this reason we developed
the rotating cylinder Hull (RCH) cell.1819 |t consists of a
rotating cylinder electrode partially shielded by a tube
made of an insulating material, usually plexiglas. The
tube is open at one side, either at the top or at the
bottom (Fig. 3).

Y

W 7777772222222

working working

lexigh lexigl ik
The current lines enter asymmetrically through the open ... B pe?n s —
end of the tube, yielding a highly non-uniform primary Figure 3 - Rotating cylinder Hull (RCH) cell for electrodeposition
current distribution on the cathode. Through numerical studies. The current enters the cathode compartment either from
optimization of the cell geometry the primary current the top or from the bottom.

distribution on the cathode can be made close to that of the classic Hull cell.’820 The mass transport conditions at the RCH
cathode are those of a conventional rotating cylinder electrode, which means that the limiting current density is uniform and can
be easily varied by varying the rotation rate.

Figure 4 illustrates the role of partial current distribution in alloy deposition. It shows results obtained with the RCH cell for the
deposition of a Cu-Ni alloy from a sulfate-citrate electrolyte.’® The average current density applied is 25 mA/cm?, the rotation
rate 600 rpm. The upper part of the figure shows the deposit thickness and the Cu and Ni content (in mol%) of the alloy as a
function of position along the cylinder electrode. These values were determined experimentally by microspot XRF. At the near
end, with respect to the anode, the deposit thickness is highest. The nickel content decreases towards the far end, while the
copper content increases. The lower part of the figure shows the partial current densities for Cu and Ni calculated from the
analysis of the deposit. Also shown is the total current density representing

the sum of the partial current densities of Cu and Ni (hydrogen evolution was negligible under the conditions of the experiment).
The partial current density for nickel decreases strongly towards the far end of the electrode. Nickel is present in the electrolyte
in high concentration and therefore deposits under activation control. Its partial current distribution reflects the non-uniform
potential distribution. Copper is present in the solution at relatively low concentration, and under the conditions of the experiment
it deposits under mass transport control. The copper partial current density therefore is uniform over the entire length of the
cathode. Increasing the rotation rate increased the partial current density of Cu but did not significantly affect the partial current
density of Ni.'® The results shown illustrate well that in alloy plating one needs to control the potential distribution (primary
current distribution), as well as the mass transport conditions at the cathode.

The RCH cell allows one to carry out alloy deposition experiments in which the current density (or the potential) varies over a
wide range, while maintaining uniform and reproducible mass transport conditions. In a single experiment a large variety of
experimental conditions can thus be achieved. As a first approximation the overall current density as a function of position can
be estimated from the published curves for primary current distribution.'® If more accuracy is needed, the secondary or tertiary
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Figure 4 - Electrodeposition of Cu-Ni alloy using the RCH
cell. The upper part of the figure shows the measured Cu
and Ni content and the thickness of the deposit as a function
of distance from the edge nearest to the anode. The lower
part of the figure shows the partial current densities of Cu
and Ni and the total current density derived from these data.
The mass transport controlled partial current density of cop-
per is uniform over the electrode, that of nickel decreases
with increasing distance from the leading edge leading to a
deposit rich in copper at the far end of the electrode (after
ref. 18).

current distributions can be calculated by numerical
simulation.2'-22 Generally, for a rapid evaluation of reaction
conditions we prefer the approach based on primary current
distribution, because it requires no numerical calculations.

Enhancement & inhibition of partial reactions by
codepositing species

Interactions between codepositing species

To understand how the electrochemical conditions influence
the composition of electrodeposited alloys, one has to study
the kinetics of the partial reactions. This includes the effect of
mass transport processes and complexing equilibria on the
concentration of reacting species at the cathode and the effect
of competitive adsorption on the rate of charge transfer. The
role of complexing equilibria in the electrodeposition of metals
has been studied by Gerischer,2 who showed that depending
on concentration and applied potential, different complexed
species react at the electrode. In alloy deposition the
codepositing elements may compete for ligands and therefore
the concentration of complexed species may differ from that
observed in a comparable single metal electrolyte. The
relative concentration of reacting species at the electrode
surface is also affected by mass transport because they must
be continuously replenished in the cathodic diffusion layer.
Several groups?*2” have presented mathematical models for
alloy deposition, which included mass transport and
complexing reactions. Local pH changes in the cathodic
diffusion layer resulting from hydrogen evolution have been
recently modeled also.28 Competitive adsorption of
codepositing species can affect the rate of charge transfer
reactions and lead to acceleration or slowing down of the
reaction rate of a given species compared to pure metal
deposition. Typical examples of this behavior are anomalous
codeposition of the iron group metals Fe, Ni and Co and
induced codeposition of molybdenum.

Induced codeposition of Mo with Ni
Induced codeposition of Mo and W is an example of

enhancement of the rate of a partial reaction by a codepositing
metal. Itis well known that Mo cannot be deposited from

aqueous solution as a pure metal, but it readily codeposits with iron group elements forming alloys. In our laboratory we studied
the mechanism of codeposition of Mo with Ni, Co and Fe.2%30 To illustrate the coupling of Mo and Ni deposition, Fig. 5 shows the
composition of Ni-Mo alloys electrodeposited from citrate electrolytes on a rotating cylinder electrode at different rotation rates.
The electrolyte in Fig. 5(a) contained 0.7M nickel and 0.005M molybdate. The Mo content of the deposit increases with the
rotation rate of the cylinder electrode. The reason is that, due to the small concentration of molybdate in the solution, the
deposition of Mo is mostly controlled by mass transport. The electrolyte in Fig. 5(b) contained 0.005M nickel and 0.7M
molybdate. In this case, the Mo content of the alloy varies with potential but is rather independent of rotation rate. Because Niin
this electrolyte is present at small concentration, one would expect that it deposits under mass transport control while Mo,
present in excess, should deposit under activation control. Such a mechanism would lead to a lower Mo content at higher
rotation rate, contrary to the observed behavior. The fact that the alloy composition in Fig. 5(b) does not vary with rotation rate
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indicates that both metals deposit under mass transport = 1 T I =
control. In other words, the rate of Mo deposition is limited " 4 3500rpm.
by the rate of nickel deposition. The described behavior has 40 © 2000 |-
been numerically modeled by Podlaha, et al.2¢ The model m 1300
used assumed that Mo deposition occurs through an 30 4 700 -
adsorbed Ni-Mo reaction intermediate while Ni can deposit ® 300 del
independently. In the electrolyte with low nickel 20 ——Ineest] |
concentration, the rate of Mo reduction therefore is governed g
by the transport of nickel to the electrode. In the electrolyte $ 10 i
with low Mo concentration, however, nickel deposition hot (a)
occurs under activation control and mass transport of %‘ s
molybdate limits the reaction rate of Mo. The model thus = 501 .
explains the data of Fig. 5 as well as other results not shown X I
here. In principle, a behavior as that shown in Fig. 5 could 3 400 t Ol
also result from reduction of a mixed Ni-Mo complex present o
in solution. However, spectroscopic studies have found no 30} 9 8 .
experimental evidence for the existence of Ni-Mo complexes 20 H
for the electrolytes used. (0.0DSM NLO7M Md (b)
Anomalous codeposition of iron group metals -0.8 0.9 A0 11 1.2 13
Potential vs NHE (V)

Electrodeposition of Fe-Ni alloys has been studied
extensively, because electrodeposited permalloy (81%Ni,
19%Fe) is widely used in the computer industry for the
fabrication of magnetic heads.3' This alloy exhibits
anomalous behavior according to Brenner's classification,

Figure 5 - Molybdenum content of Ni-Mo alloys measured on
a rotating cylinder electrode at different rotation rates plotted
as a function of applied potential, (a) Ni-rich electrolyte: 0.7M
NiSO4, 0.005M Na2MoQs, 0.28M NHs, 0.7M Na-citrate; (b) Mo-
the Fe content in the deposit being much higher than rich eIectronte: 0.005M NiSO4 0.7M Na2MoOs, 0.28M NHs,

expected from a consideration of the electrochemical 0.005M Na-citrate (after ref. 30).

behavior of the pure metals. Dahms and Croll,*2 in a classical paper, explained the anomalous codeposition behavior by the
presence of a hydroxide film on the cathode, which inhibits Ni deposition. However, more recent studies indicate that the
behavior can be explained more readily by competitive adsorption of reaction intermediates.3334 According to this view, the
adsorption of iron species at the cathode surface diminishes the surface area available for the reduction of Ni and thus leads to a
reduction of the partial current density of this element.

Very recently, Zech, et al.,22:3536 Talbot and coworkers37:38 observed that the codeposition of Fe not only has an inhibiting effect
on Ni, but the codepositing Ni also enhances the rate of Fe deposition. Figure 6 illustrates this behavior. It shows the partial
current densities of Ni and Fe measured in sulfate electrolytes during deposition of Ni-Fe alloy and of the pure metals,
respectively. At a given potential the partial current density of Ni during alloy deposition is smaller than that observed for pure Ni
deposition, while the partial current density of Fe is higher for alloy deposition than for pure metal deposition. At the potential
where transport of Fe becomes rate limiting (about -1.5Vwse in Fig. 6) the enhancing effect disappears. The data of Fig. 6
demonstrate that the charge transfer reactions of the codepositing Fe and Ni are coupled.

To account for the described behavior, Zech, et al.36 proposed a model where the inhibiting effect of Fe on codeposition of Ni is
due to surface blocking and the accelerating effect of Ni on codepositon of Fe is due to formation of an adsorbed mixed reaction
intermediate. The latter provides an additional reaction path for Fe reduction. The proposed enhancement mechanism is similar
as that for induced codeposition of Mo. The electrode reactions according to the proposed model can schematically be written
as follows:

Fe(ll) > Fe(l)ass > Fe

Ni(I) = Ni(l)ags = Ni

Fe(ll) + Ni(ll) = FeNi(ll)ags > Fe + Ni(ll)
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Figure 6 - Partial current densities of Ni and Fe for single
metal and for alloy deposition in the RCH cell plotted vs. po-
tential. The indicated potential scale was calculated from the
primary current distribution. Electrolyte for alloy depostion:
0.2M NiSOs4, 0.025M FeSOs, 0.4M H3BO3, 0.5M Na2SOs, pH
3. For single metal deposition, the equivalent amount of
Na2SOs was added in replacement of NiSO4 or FeSQs, res-
pectively (after ref. 22).
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Figure 7 - Measured and calculated Fe content of Fe-Ni
alloys deposited on a rotating cylinder electrode as a function
of applied potential. Sulfate electrolytes (pH 3) containing
0.4M H3BOs. The Fe and Ni concentrations were varied bet-
ween 0.025M and 0.2M to achieve different ratios of Fe/Ni

in the solution (after ref. 36).

Here Ni(ll) and Fe(ll) a divalent dissolved metal species,
Ni(l)ass and Fe(l)ass are monovalent adsorbed reaction
intermediates (hydrolyzed or not) and FeNi(ll)ass is a mixed
adsorbed reaction intermediate of intermediate valence (here
two). The exact stoichiometry of the reaction intermediate is
not known and is not critical for the model predictions.
Reduction of the mixed intermediate yields Fe and the original
ionic species Ni(ll). In presence of codepositing Ni, the Fe
deposition therefore can follow two parallel reaction paths and
its rate for given conditions can therefore exceed that of single
metal deposition. On the other hand, the rate of reduction of
Ni is diminished by the presence of the adsorbed reaction
intermediates Fe(l)ass and FeNi(ll)ags because they diminish
the surface available for the nickel partial reaction. A detailed
description of the model assumptions and of the equations
used for the numerical simulation of the described behavior
can be found in the original paper.3

To illustrate typical results obtained by numerical simulation,
Fig. 7 shows calculated and measured Fe-Ni alloy
compositions as a function of potential for two different ratios
of Fe/Ni in the electrolyte (sulfate solutions, pH 3). All data
were obtained at a rotating cylinder electrode at 800 rpm. At
potentials up to about -1.5V, the ratio of Fe/Ni in the deposit
by far exceeds that in the electrolyte, a behavior typical for
anomalous codeposition. At more cathodic potentials,
however, the Fe/Ni ratio in the alloy is close to that in the
solution. This can be explained by the fact that at high
cathodic potentials, Fe deposits under mass transport control
at the limiting current. Under these conditions the charge
transfer reaction is very rapid and the surface coverage of
reaction intermediates of Fe is negligible. Nickel deposition
therefore is no longer inhibited. Further support for the
described mechanism comes from the observation that an
increase in the rotation rate shifts the transition from inhibited
to non-inhibited nickel deposition to higher potentials and
higher current densities.?

Figure 8 shows the partial current densities of Fe and Ni
measured in the RCH cell at different rotation rates.22 The
electrolyte contained 0.025M FeSOs and 0.2M NiSOs4. At high
potentials, Fe deposits at the limiting current while Ni
deposition is activation controlled. The data of Fig. 8 show
that as the limiting current density of Fe is reached, the partial
current density of nickel exhibits a jump because the Ni partial
reaction is no longer inhibited by Fe codepositon. As the
rotation rate is increased the limiting current of Fe increases

and the jump in the nickel partial current density is shifted to higher currents. Also shown in Fig. 8 are calculated curves based
on the model by Zech, et al.3 Qualitativel,y the experimental behavior is well reproduced by the model, although the calculated
values do not exactly match the experimental data. The difference may be due to uncertainties in the calculation of the potential
in the RCH cell and to other limitations of the calculation. A similar behavior as for Fe-Ni alloys has been found for Fe-Co and

Co-Ni alloys.®
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In all these alloy systems, codeposition led to a decrease in 100 T T
the reaction rate of the more noble metal and to an E ___calculated
enhancement of the reaction rate of the less noble metal. X

Codeposition mechanisms
10k 300 rpm
The above examples show that anomalous and induced ]
codeposition can be understood and numerically modeled by
considering the kinetics of the partial reactions and taking
into
account possible interactions between the reacting species in g
solution and at the cathode surface. In a general way, three s
types of coupling of partial reactions can be distinguished in

alloy deposition:®

-iNi (mA!cm2)

>
}\ 1400rpm

800 rpm i

*  Non-interactive codeposition: The partial reaction
rates of the codepositing species are independent
of each other and therefore the alloy composition
can be predicted from knowledge of the kinetics of
the pure metals.

«  Transport coupled codeposition: The partial
reaction rates of the codepositing species are
coupled through complexing equilibria and mass
transport processes in the diffusion layer, which
affect the surface concentration of reacting

10 F

-iFe (MA/cm<)

«
L
tl 1 Laay

il g g s o B pa s T o]
.35-1.40 -1.45 -1.50 -1.55 -1.60-1.65

species.

»  Charge transfer coupled codeposition: The partial
reaction rates of the codepositing species are
coupled through charge transfer kinetics, which
involve adsorbed reaction intermediates. The latter
can lead to a decrease (inhibition) or an
enhancement of the reaction rate, typically found in
anomalous and induced codeposition.

POTENTIAL vs MSE (V)

Figure 8 - Partial current densities of Ni and Fe measured
with the RCH cell at different rotation rates during Ni-Fe de-
position from a 0.5M Na2SO4, 0.4M H3BOs electrolyte contain-
ing 0.025M FeSOsand 0.2M NiSOa4. The lines represent cal-
culated results. As the limiting current of Fe is reached,

the inhibition of nickel deposition ceases resulting in a strong
increase in the Ni partial current density (after refs. 22,36).

The three types of coupling behavior of partial reactions during codeposition provide a useful qualitative description of observed
behavior. In practice, partial both solution equilibria and adsorption coupling of partial reactions may occur in the same system.
A quantitative understanding of codeposition behavior can be achieved only through mathematical modeling. In the examples of
induced and anomalous codeposition given above, the enhancement and inhibition of partial reactions by codepositing species
could be successfully modeled by postulating the presence of adsorbed reaction intermediates. It must be mentioned, however,
that no independent proof for the existence of such species has been given so far. Other mechanisms leading to enhancement
or inhibition of partial reaction rates should therefore not be excluded.

Pulse plating of alloys

Selection of pulse plating parameters

The use of a pulsating current (pc) instead of a direct current offers additional possibilities to influence the composition and
structure of alloy deposits. One generally distinguishes high frequency pulse currents, typically above 10 Hz, and low frequency
pulse currents, typically well below 1 Hertz. When applying high frequency pulses, the amount of material deposited during one
pulse cycle is so small that the deposit composition can be regarded as uniform throughout. In low frequency pulse plating, on
the other hand, sufficient material is deposited during one pulse that the deposited alloy may exhibit a composition modulation
due to different reactions taking place during the pulse on-time and the off-time. This behavior can be used to form layered
structures, so-called composition-modulated (CMA) alloys, 01" which have found practical interest for magnetic applications. In
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the following, we shall discuss only high-frequency pulse plating of alloys and, in particular, we shall address the question of how
the choice of electrical parameters affects alloy composition.

The simplest form of pulse plating uses current pulses followed
by an off-time at open circuit (Fig. 9(a)), but for some

ioff=0 applications a small cathodic or anodic off-time current may be
applied (Fig. 9(b)). More complicated pulse sequences are

tP possible, but shall not be considered here. An attractive
feature of pulse plating is that the number of electrical variables
N S N e time that one can freely select is higher than in DC plating. Let us
assume that we want to plate an alloy at a given average

. current density im. In pulse plating, assuming a zero off-time

i = Ip current, im depends on two variables, namely the applied pulse
P current density ip and the duty cycle 8.

p

@ p+

current density
o
Y

-
[

(i

=

ioff >0 im = i,0With 0 = t,,/(t, + t;) (5)

Here ty is the pulse-on-time and t,' is the pulse-off-time. The
non-steady state mass transport rate at the cathode depends
—> on the absolute value of the these quantities. As a

time consequence, three variables, ip, 8 and t (or t') can be freely
) selected to achieve a given average current density. If a small
- Ip cathodic or anodic current flows during the off-time, the

= tp average current density is

Figure 9 - Schematic of current density pulses, (a): the off-

time current density is zero, ot = 0; (b): application of anan-  im = ipf +iorr(1 —6) (6)
odic off-time current density, ictt > 0. The dotted line repre-

sents the average current density in. Also shown are the where iof is the off-time current density (anodic currents are

on-time t, the off-time tp', and the pulse current density iy taken as positive and cathodic currents as negative). Because
ot can be freely chosen, there are now four independent

variables to be selected. With such a high number of variables, one needs theoretical models to guide experimental optimization
of an alloy deposition process. To be practically useful, such models should be kept simple, however. The following examples
involve such types of models.

tiQrrsrBerarascs o Beviviires |m

current density
o

Pulse plating models for Cu-Ni & Cu-Co alloys

In our laboratory, we developed theoretical models for the prediction of the composition of pulse plated binary alloys taking into
account the reactions during the off-time. For these studies we used mainly Cu-Ni and Cu-Co alloys.'6:3842 Because Cu is
thermodynamically much more noble than either Co or Ni, it deposits at less cathodic potentials. In electrolytes of low Cu
concentration and an excess of Ni or Co, the deposition of Cu takes place at the limiting current. For these conditions,
theoretical models can be developed which take into account non-steady-state mass transport of Cu and activation controlled
deposition of Co or Ni. Figure 10 illustrates schematically the described behavior. Over a wide potential range only Cu deposits,
but at sufficiently cathodic potentials, the partial current density of Ni or Co deposition is much higher than that for Cu. At the
open circuit potential (ioff = 0), a displacement reaction between the depositing Cu and the dissolving Ni or Co takes place:

Cu*2+ Ni = Cu + Ni*2
Cu*2+ Co > Cu + Co*?

To study the described behavior, Roy, et al.38 pulse plated Cu-Ni alloys from an electrolyte containing 0.26M Na-citrate, 0.7M

NiSOs, 0.04M CuSO:s on a rotating cylinder electrode and compared the results with two models describing limiting behavior. In
the "corrosion model" (CM), it was assumed that Cu continues to deposit under limiting current conditions during the off-time
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leading to a corresponding amount of Ni dissolution. In

the second model, the "no-corrosion model" (NCM), it A

was assumed that no displacement reaction takes place * DISSOLUTION
during the off-time. Figure 11 shows the measured

nickel content of the pulse-plated Ni-Cu alloy for different

pulse current densities and different rotation rates using £

a constant pulse off-time of 16 msec. Also shown are %

calculated curves for the CM and the NCM. Good » S

agreement with the CM is observed for the conditions of z| — | POTENTIAL
the experiments. e cu

Due to the short pulse off-time, the amount of copper S i

deposited by the displacement reaction during for is lon -
sufficiently small so as not to significantly block the ;

cathode surface. However, at larger pulse off-times, - Ean

increasing amounts of Cu deposit and a thin copper layer v

may build up at the electrode surface during tor. The Figure 10 - Partial current densities of copper and nickel and
copper deposit acts as a screen, and increasingly slows  total current density plotted as a function of potential (schem-
down the rate of the displacement reaction. In the atic). Itis assumed that the Cu concentration in the electrolyte
limiting case, when a compact Cu layer covers the entire  js much smaller than the Ni concentration. The corrosion po-
electrode surface, the displacement reaction will cease tential Ecor corresponds to open circuit conditions where ot = 0.

altogether. The alloy composition should then approach At this potential, Cu deposits at the limiting current density
that predicted by NCM. At intermediate off-times, the Cu while Ni anodically dissolves. When a cathodic pulse current

content of the pulse plated alloys is expected to vary with  density ion is applied, the Ni deposition is the dominating reaction.
the off-time (or duty cycle) between the value predicted

by the CM and the value predicted by the NCM.38 Mathematical modeling of the limiting cases of CM and NCM is relatively easy,
but modeling of the intermediate situation is difficult, because the effect of the deposited copper on the rate of the displacement
reaction must be taken into account. The importance of it depends on the porosity of the deposit and on its morphology, and is
not readily expressed in terms of mathematical equations. To avoid dealing with these problems, a simple approximation has
been proposed assuming that during the off-time a non-covered part of the surface corrodes according to CM, while the
remainder of the surface is protected by a Cu film and does not corrode.4' Experimental data for Cu-Co alloys could be
interpreted in a rational way based on this concept.4?

100 L 1 1 ] A 1 1 L
9 ---=- no corrosion
o_ - 5
g - — corrosion i
3 - .
™
£
P 4 5
o 5
o 7 -
S ---- no corrosion | |
2 / corrosion |'
Z /
'm n.:a alln n'lu ﬂ.ln [¥.] ) 1600 zo'oo 3000 tn'm
Pulse current density (A/cm2) RCE rotation rate (rpm)

Figure 11 - Nickel content of pulse plated Ni-Cu alloys deposited on a rotating cylinder electrode from an electrolyte contain-
ing 0.7M NiSOq, 0.04M CuSO4 and 0.26M Na-citrate. The effect of pulse current density at a constant rotation rate of 1000
rpm is shown as well as the effect of rotation rate at a constant pulse current density of -100 mA/cm2. For all experiments: £, =
4 msec, t,' = 16 msec. The continuous line represents the prediction of the CM taking into account the off-time corrosion
reaction, and the broken line represents the prediction of the NCM which assumes that no corrosion occurs during off-time
(after ref. 38).
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Predicting composition of ternary alloys P At e ey L L
In special situations, the CM and NCM models developed X I ]
for pulse plating of binary alloys can be applied to ternary > 80 _"'"‘Y\v\' ]
alloys, namely when two of the three alloy components are = - YV 1
present in the electrolyte at low concentration and deposit = 60F \“*-——v_
under mass transport control. In our laboratory, we :,‘:3 [ ¥ —-Co ]
recently studied pulse plating of Co-Fe-Cu alloys from an ] 40 [ A-—Fe ]
electrolyte containing small concentrations of Cu and Fe E— i j
and a large concentration of Co.43 From such a solution, 8 i 0—Cu //O:
Cu and Fe deposit under mass transport control and Co > 20+ -
under activation control. During the off-time the more noble % M‘Q"Q ‘Z
Cu undergoes a displacement reaction with Fe and Co. 0 e " T o f
One would iherefore expect thai an increasing off-time 0 100 150 200 250 300
leads to a higher Cu concentration in the alloy. On the off-time (ms)

other hand, because iron does not displace cobalt the

Fe/Co ratio should be |arge|y independent on off-time. Figure 12 - Effect of off-time on the Composition of pUlse plated
Furthermore, because Fe deposits under non-steady-state Co-Fe-Cu aIons. The solid lines represent the theoretical pre-
diffusion conditions the ratio Fe/Co in the alloy should dictions of CM taking into account corrosion during off-time.
decrease with increasing on-time. Based on these Electrolyte: 0.3M COSO4, 0.025M FeSO4, 0.025M CUSO4,
considerations, it should be possible to vary the relative 0.4M H3BOs, 0.1M Na-citrate, additives. Pulse plating parame-
concentration of the three alloy elements by simply ters: &, = 40 msec, ip = -220 mA/cm?, 1000 rpm. (after ref. 43).

changing the pulse parameters, keeping the average current density, hydrodynamic conditions, and electrolyte composition the
same. The results of Fig. 12, showing experiments in which the off-time was varied, confirm this behavior.#3 It is interesting to
note that pulse plating permits to achieve ternary alloy compositions that cannot readily be obtained by DC plating from the same
electrolyte. For example, under the experimental conditions of Fig. 12 deposition of Fe and Cu is mass transport controlled. In
DC plating, for a given electrolyte composition, the con-centration of the two elements in the alloy could be varied by changing
the hydrodynamic conditions. However, their concentration in the alloy would evolve in parallel, because both limiting currents
vary the same way with convection conditions. In pulse plating, on the other hand, the concentration of Cu in the alloy, contrary
to that of Fe, increases with increasing off-time due to the displacement reaction. By varying the off-time, one therefore can
selectively vary the copper content of the alloy without a corresponding change in Fe content.

Additive effects

Most practical plating electrolytes contain additives such as leveling agents, stress relievers, brighteners, surfactants, etc. In
alloy plating, additives or combinations of additives can

affect the composition of the electrodeposits. Figure 13 illustrates this effect for pulse plated Co-Cu alloys.#4 The alloy was
plated from a sulfate-acetate electrolyte (pH 4) on an inverted rotating disk electrode at 1000 rpm using a pulse current density of
40 mA/cm? and a constant duty cycle of 20%. The pulse period was varied. Plating experiments were carried out in presence
and absence of the additives SDS, which is a surfactant, and saccharin, which is a stress-relieving agent. All results show a
decrease of copper content with increasing pulse period, as one may expect from a consideration of the CM and NCM discussed
in the previous paragraph. The model predictions are shown in Fig. 13 by the broken lines. With increasing pulse period (at
constant duty cycle) the pulse off-time becomes longer. As a consequence, the rate of the displacement reaction diminishes and
the behavior approaches that predicted by NCM. The data of Fig. 13 show that the additives have a major effect on the
described behavior and therefore on the copper content of the alloy. Adding saccharin alone or in combination with SDS leads to
a slightly lower copper content at long pulse periods compared to plating without additives, but the effect is relatively small.
Surprisingly, adding only SDS leads to a much higher copper content at long off-times. Apparently, SDS enhances the rate of
the displacement reaction at long pulse off-times, but the presence of saccharin eliminates this effect.

To get more information on the observed behavior, Kelly, et al.45 performed a series of experiments with a rotating

electrochemical quartz crystal microbalance (rEQCM). The electrochemical quartz crystal microbalance measures the change in
resonance frequency of a quartz crystal coated with a thin metal film used as a working electrode in an electrochemical cell.
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Figure 13 - Effect of additives on the composition of pulse = - £
plated Co-Cu alloys. The figure shows the mole fraction of Cu 54 | ___ saccharin addition 10 SDS [
in the alloy as a function of pulse period for a constant duty sssssr. SDS only
cycle of 0.2. Pulse current density j» = -40 mA/cm2, off-time W e I
current density forr = 0.03 mA/cm2. Inverted rotating disk 64 6 & 70 72 74 76 78
electrode at 1000 rpm. Electrolyte: 0.3M CuSOs, 0.4M H3BOs, Time:(s)

0.1M Na-acetate, 0.005M CuSO4, pH 4. Concentration of Figure 14 - Effect of additive addition on the rate of the dis-

saccharin 2 g/L and of SDS 0.2 g/L. The broken lines indicate placement reaction during the off-time during pulse plating

the theoretical prediction of the CM and NCM. (after ref. 46).  of a Cu-Co alloy. The frequency change measured with the
rotating quartz crystal microbalance (rEQCM) is a measure

According to the well-known Sauerbrey equation, the for the mass change of the electrode, (a): Upon addition of
frequency shift is directly proportional to the mass change SDS the slope of the frequency versus time curve increases
resulting from deposition or dissolution. The high mass indicating a higher corrosion rate, (b): Upon addition of sac-
sensitivity of the electrochemical quartz crystal microbalance,  charin to an SDS containing electrolyte the slope of the fre-
on the order of fractions of a monolayer, permits one to quency versus time curve decreases indicating a decrease
monitor tiny mass changes that occur during the pulse off- in corrosion rate. Also shown in the figure are the measured
time. In pulse plating of Cu-Co alloys, the displacement potentials which change only little upon addition of additives.
reaction between copper and cobalt during pulse off-time Pulse period 20 sec, duty cycle 0.2, sulfate electrolyte, pH 4.
results in a slight mass gain of the electrode because the (after ref. 46).

atomic mass of Cu (63.5g/mol) is slightly higher than that of

Co (58.9 g/mol). In Fig. 14(a), the measured frequency change during the off-time of a given pulse cycle is shown for two
conditions, an experiment in the absence of additive and an experiment involving with addition of SDS during the off-time.*6 As
SDS is added (arrow), the slope of the frequency-time curve becomes steeper indicating a larger mass gain. Also shown in the
figure is the potential, which does not significantly change. The results confirm that SDS enhances the rate of the displacement
reaction. Further experiments not shown here indicated that SDS is consumed in the process and that its reaction rate is at least
partly controlled by mass transport. A similar experiment was performed by adding saccharin during the off-time to an electrolyte
containing SDS (Fig. 14(b)). The results show that addition of saccharin leads to a decrease of the slope of the frequency-
versus-time curve, indicating a decrease in the rate of the displacement reaction. This confirms that saccharin neutralizes the
accelerating effect of SDS on the displacement reaction in agreement with the results of Fig. 13. The described results suggest
that in presence of only SDS, the copper deposited during the off-time is less compact than that deposited in presence of both
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additives. The detailed mechanism by which the two additives interact at the surface and influence the deposition process is not
known currently and needs further study.

Concluding remarks

The scientific understanding of alloy deposition and how the kinetics of electrochemical reactions affect the composition of
electrodeposits has significantly advanced in recent years. The role of mass transport, current distribution and charge transfer
kinetics has been identified, and a number of alloy deposition systems have been successfully modeled using mixed potential
theory and considering interactions between codepositing species. It has been found that coupling of charge transfer reactions
through adsorbed reaction intermediates can decrease or enhance the rate of partial reactions, thereby providing a rational
explanation of anomalous and induced codeposition. Pulse plating enlarges the choice of free variables and can lead to alloy
compositions not readily achieved with DC plating under comparable conditions. For certain binary and ternary alloy systems,
theoretical models that take into account the role of the displacement reaction during off-time permit one to predict the effect of
applied pulse parameters on alloy composition.

At present, the primary usefulness of theoretical models for alloy deposition lies in their capability to rationalize observed
behavior and to predict the effect of certain variables. Modeling can therefore serve as a guide for the optimization of deposition
conditions. Only a limited number of alloy systems have been theoretically modeled so far, however, and there is room for
improvement of the models. In particular, there is a need for models that predict codeposition behavior of charge transfer-
coupled reactions from experiments with pure metals; at present the rate constants needed must be measured on alloys. The
role of complexing equilibria and pH changes near the cathode surface needs further study. The availability of user-friendly
software based on realistic physical assumptions could greatly help to simulate practical alloy plating problems without the need
for extensive programming. There is also a need for a better understanding of synergistic and antagonistic effects of additives
on a microscopic level, and how these affect the composition and structure of alloy deposits. Quantitative models that describe
the development of the micro-and nanostructure of electrodeposited alloys under realistic conditions are mostly lacking at
present. Obviously, there is a strong need for more research in the field of alloy deposition.
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Errata:

In the original publication, there was an error in numbering the references from 38 to 46 (italicized), as 38 was used twice in the
above reference list. With the passage of time, this remains uncorrected in this republication. Where the lead author is
mentioned in the text, the reader is cautioned to search for the author name, rather than the exact reference number. In other
cases, the reader is encouraged to consult the abstract for the respective journal listing online. — Ed.
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Prof. Dr. Dieter Landolt, Lausanne, Switzerland, was selected as the recipient of the award for
2000. The announcement was made during the opening session at SUR/FIN 2000 in Chicago.
Prof. Landolt is a professor of materials science and head of the Laboratory of Metallurgical
Chemistry, Swiss Federal Institute of Technology Lausanne (EPFL), Switzerland. His research
focuses on the fundamental aspects of electrochemical surface treatment and microfabrication
processes; alloy deposition, modeling and cell design; corrosion and protection of metals; passivity;
surface analysis by AES, XPS and SIMS; and chemical effects in tribology and tribocorrosion.

He is the author or co-author of more than 230 publications in refereed journals and conference
proceedings and author of a textbook on surface chemistry and corrosion of metals. His writings
cover a number of fields, such as:

* Electrodeposition, including pulse plating and non-aqueous processes

»  Electropolishing and anodic film behavior

»  Deposition theory, especially mass transport performance and alloy deposition

+  Surface analysis instrumentation and interpretation

»  Corrosion science and impedance measurements

A long-time member of AESF's International Branch, Prof. Landolt is considered the leading academic in the field of surface
finishing in Switzerland. He leads an internationally respected research group and is a frequent speaker at conferences
worldwide, particularly in the U.S.

Dr. Landolt's contributions have led to a number of awards, including the following:
* 1993 AESF Silver Medal for outstanding paper
* 1995 AESF Silver Medal for outstanding paper
» 1995 Research Award of the Electrodeposition Division of the Electrochemical Society (U.S.)
* 1996 Grande Medaille du Centre Frangais de L'anticorrosion.

As the recipient of this year's Scientific Achievement Award, Dr. Landolt will deliver the William Blum lecture during SUR/FIN
2001 in Nashville, Tennessee.
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