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An analytical equation to predict the composition of
binary alloys has been developed. It is applicable to puls
plating of binary alloys when the noble metal ion is
deposited under mass-transfer control. It has been show
that the Sand and Cottrell equations can be used t
describe the partial current of the more noble species
during the pulseontime because fluid convection does ng
affect mass transfer when theon time is short. The
usefulness of this equation to choose pulse parameters
obtain a specific alloy composition is demonstrated by
applying it to copper and nickel codeposition.

Pulse electrodeposition of metallic alloys has been gainir
importance because of the possibility of changing a
composition and properties by intelligent regulation of pu
parameters. Accordingly, several mathematical models

been proposed to predict the composition of alloys depo
by pulsed currents® The influence of pulse paramete

phase mass transfer through a Nernst diffusion layer to
edescribe ionic transport; the response is compared to the Sand
and Cottrell equations. The other constraints used to develop
nthis equation are (1) that the reduction of the noble metal is
b mass-transfer controlled, (2) that the sum of the partial
5 currents of the reducing metal ions equals the peak current
t during theontime, and (3) that the concentration of the more
noble species recovers fully during tiétime.
to The usefulness of this analysis has been demonstrated by
simulating galvanostatic Cu-Ni alloy deposition froma 0.0125
M CUSQ/0.7 M NiSQ/0.25 M NaCit (sodium citrate)
electrolyte using a rotating cylinder. Copper-nickel
gimdeposition was chosen because it is industrially usgful.
Iashis system fulfills the criterion that copper, the more noble
I®®mponent, is mass-transfer controlled. The current effi-
nakency during the co-discharge is close to 100 pefaghich
sifiéd the condition that the sum of their partial currents is equal
sto the peak during then time. Although recent studies have

hydrodynamics, charge transfer reactions, ionic migratisshown that a displacement reaction occurs duringothe

as well as competitive and displacement reactions or
deposit composition and microstructure have been exam
in these investigations. Despite the availability of th
models, they have not been widely exploited, possibly
cause they are relatively difficult to implement and use.

To make pulse plating accessible to more users, sin
analytical equations to compute alloy compositions mus

thme, it has been shown that this reaction is stifled quickly
iletause of formation of a copper-rich layer at the alloy
pseirface’® This means that when thdf time is sufficiently
Heng, the copper and nickel reduction currents are zero and

the concentration of cupric species at the electrode surface

plecovers.
t be

developed. In particular, there are no simple design equ

idtethematical  Model

for the selection of pulse and engineering parameters foA @ypical square galvanostatic waveform is constructed by
desired alloy composition. Such equations are difficult fmssing a high or peak current for a certain time periad (
develop for general pulse plating; however, design equatiargime), followed by a period, thefftime, when the current
can be derived if certain constraints are imposed on the chagcgwitched off. Thentime, the peak current, th& time and

of pulse parameters, solution composition
and hydrodynamics. Indeed, a large numb:
of alloy deposition systems are constraine
in terms of electrolyte formulation, electro-
chemical parameters and fluid dynamic
where such equations can prove to be us
ful. Forexample, Cu-Zn, Cu-Ni, Cu-Co, Ni- %
Fe, Ni-Co binary alloys are plated from . [/
electrolytes where the more noble (or in th E 0044
case of anomalous deposition, the less nobl %
component is mass transport limited

03—

urren

whereas the other component is controlle 5 006 | |
by reaction kinetics.
In this study, an analytical equation tc o

compute the composition of pulse-plates
binary alloys is presented. The equation | [

derived by analyzing the transientcurrentc =010 P
the more noble species during the pulse o
time. The current-time response is calct
lated from a numerical model based on (1
Butler-Volmer charge transfer reactions t
describe reaction kinetics, and (2) liquidig. 1—Compute

.04 0,08 0,00 B0
Tima, sec

d values of the partial current for copper and nickel duringrttime. Peak

current, -0.100 A/cipt , 0.100 sec; cylinder rotation speed, 1000 rpm.
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13 subject to the boundary conditions
Coldy 1) = Cyu. €)
A
Ix z F D, )
To-d 1 -| '
g and the initial condition
= g
: Cplxy = Oy (5)
f where, is the thickness of the Nernst
a4 B diffusion layer of each speci#'sz is
the number of electrons exchanged in
4 the charge transfer reactiof, is
o8 o o3 Py a1 an raraday’s constant alis the diffu-
: sion coefficient. The final condition is
I L Py that the total applied current has to
_ - equal the sum of the partial currents
g —— = for copper and nickel,
-0.02 __Er’r = 2l
p ; (6)
e I|I The amount of metal deposited is com-
n ' puted from the total reduced charge,
3 006 L| Q,. corresponding to each metal:
E-
0.08 _ r"'_
' O = Ji (7)
i
0.10 &
Equations (1) to (7) are solved using
.12 - . - | the kinetic, physical and transport pa-
0.00 Q.02 0.04 .0 0.08 210 b2 rameters shown in the table. The solu-
Lg, SBO

Fig. 2—(a) Effect of peak current on transition time f@: 100 sec. Values
for cylinder rotation speed, 1000 rpm & 3000 rpm; values computed f

values of {, for i, = -0.100 A/crhand 0.100 sec. Symbols show numerical values for cylinder

rotation speeds of 1000 and 3000 rpm,from the Cottrell equation.

theoff current are denoted by t, t., and i, respectively.
The codeposition of copper and nickel duringdhdime is
described by the following charge transfer equations,

Cy(00r)

Ly

np[—ﬂfmir}]} (1)

fk = fogk i~

where | is the partial current, iis the exchange current

density, - is the overpotential, C is concentration,[@isdhe

Tafel constant. Subscripts k referto CuorNi,andO0and b e

to surface and bulk, respectively. Durioffjitime, the values

of i, for both copper and nickel are set to zero. The masy
transfer to the cathode surface is described by diffus

through a Nernst diffusion layer

I_;:EL—';_
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tion procedure of this model has been

calculated numerically ~ presented previously in detaind,
rom the Sand equation; (b)therefore, is not elaborated here.

To cover a representative range of
practical pulse plating conditions,, i
and |, were calculated for values ranging from -0.050 A/
cn? to -0.400 A/cri and the tvalues between 0.050 and
0.300 sec. The effect of hydprodynamics on the partial cur-
rents was examined by setting the cylinder rotation speed at
either 1000 or 3000 rpm.

Figure 1 shows the typical response of the partial currents
for copper and nickel for different values ofAs shown in
the figure, for a certain period of time, the entire current is
consumed by the copper discharge reaction. This is because
copper is more noble and there is sufficient quantity of cupric
|_ipns near the cathode. The copper current begins to decrease
after t because the consumption of ‘€resulting from the
face reaction cannot be replenished by ionic transport. The
kel reduction current, on the other hand, is zero during the
ransition time, and increases only when the partial current of
copper relaxes. Interestingly, the transition time was found to
depend only on_j when the value of twas changed from
0.050 to 0.300 sec and the rotation speed was varied from
1000 rpm to 3000 rpm, no variation indccurred. These
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results indicate that fluid convection does not affect the
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time periods from 0 to, tand between, tand §,
= respectively. The amount of copper discharged
016 - 1"~. during theontime, therefore, can be computed by
B M integrating these two analytical expressions. The
bl \‘1.1 quantity of copper plated during timeig
|
. B2 M
2; -ﬁ..\.x‘ lgl = EP 4] (10)
E 010 .
3 oos p e When the Sand equation is used to replace the
3 " . T transition time by solution properties and the peak
ks L. current, Eq. (10) reduces to:
o - N 1 5
T = F 0 e Dy
< ——a a - y (11)
g
002 +— — —— —_— — {
0.0 0.05 o 0.6 D.20 0265 030 e
Bp, 800 After the transition time, the amount of copper
Fig. 3—Atomic percentage of copper in the deposit. Numerical calculation: plated, Q’ is calculated from Eq. (9)
-0.100 A/crhiand -0.200 A/cfn Alloy composition from Eq. (18).
T Ce [0.1)
concentration changes near the cathode during the ulse & = ‘s 1~ Coz c"F[_'ﬂf-“"* [r}] (12)
time. '
To assess the relative importance of diffusive and conyec-
tive transport during thentime, i, values from numerical Of (13)
computations were compared to those obtained from djfft
i lled fer. Th i I | Dcu i g12 d
sion-controlled mass transfer. These comparisons are |llL g, = kFCﬂ-‘.Cﬁ"\l e |{,qu il _ |‘I| A SR i
trated in Figs. 2a and 2b. Numerically calculated valugs of T I
are represented by the open circles and squares in Fig. 2a. The

dotted line in the same figure is obtained from the S
equation:

_d gl o= 2
T Dl;'_'u 2" F r—_'_:_f.:.-

h =

] (8)
!hp

Because the Sand equation is based on pure diffusior
filled circles and the solid line show the comparison betw
transition times in the presence and absence of fluid con
tion. The excellent agreement between the transition ti
calculated from the model and those predicted by the §
equation shows that the transport of cupric species td

surface during fis controlled solely by diffusion. The impor

tance of diffusion on the mass transport of?Qluring the
remaining period obntime (.e., t, to t, is shown in Fig. 2b
Numerically calculated values @f are not only independer
of cylinder rotation speed, but agree well with those ¢
puted from the Cottrell equation:

9)

The excellent agreement between the copper reduction
rent in the presence and absence of convection substar
that diffusion is the dominant mechanism for‘Cspecies
transport.

Analytical _Equan'on _
The preceding results show that the partial current for co
is exactly described by the Sand and Cottrell equation

aﬁ‘ﬂe copper plated during the on-time is given by the summa-
tion of Q and Q, which is
W
|

a, i, | @

een
vébhe atomic percentage of copper in the deposit is easily
nf@dculated by dividing the charge of copper reduced by the
sdatRl amount of metal deposited

the

) » _ G+
Cw it (15)
o
t Electrolyte* Properties  °
DI
Kinetic and Copper Nickel
Transport Parameters
V. V) -0.2 -1.0
iop (A/C?) 5x 10° 1x10*
t‘, B, (V) 19.5 17.5
I
D (cn¥/sec) 1.8x 10 55x 1

*0.0125 M CuSQ0.7 M NiSQ/0.25 M NaCit

The overpotential is calculated by setting - = E ; Y, where
E is the cathode potential.
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The denominator in Eg. (15) can be rewritten as

.

which is equal to

3 ] ]
FiCia D

Ly

It can now be shown that the atomic percentage of copp
the deposit is

di = ki 4
F o B - + r_-lﬂlll (16)
or
| 0273 12732
Xw I P (17)

Equation 17 has only one variable parameter, Rp/,tgnn
the equation there are two terms, of opposing signs, cor
ing R. The negative term will always be smaller than
positive term, because the former is dependent’@ani the
latter on R¥, and t is much smaller than.tFor the case o
sufficiently small values of (t, ce 0.1 9, the negative tern
can be neglected. Because this is frue for applied cur
greater than -0.050 A/cGrthe copper content in the depo
is

12732

£y —
.I';.'I'J

(18)

layers. In effect, therefore, thicker deposits must be plated
when nickel-rich alloys of a relatively constant alloy compo-
sition are desired.

A second implication lies in the choice of engineering and
pulse parameters used in practice. During deposition of
nanostructured metallic Cu-Ni multilayers, for example, to
lower the copper content in the nickel layer, a low concentra-
tion of cupric ions in the solution and low flow velocities have
been used?® Current results indicate that this is not the
defining parameter for alloy composition, however, because

ethA pulse time is too short for flow velocities to affect mass
transport. Indeed, deposits with copper content below five
percent can be deposited from a solution containing higher
concentrations of Cé(see Fig. 3) and high flow velocities,
as long as the peak current is high.

It must be mentioned that Eq. (18) can be used to calculate
the alloy composition only when mass transfer odf@uns to
the cathode is controlled by diffusion, and the effect of fluid
convection is negligible. An estimate of the time when
diffusion governs the transient surface concentration after a
step change in current has been estimated in previous heatand
mass transfer studiés* These investigations have revealed
that a dimensionless tinte given by Dt®?, can be used to

taistimate the time when convection effects are not felt at the
tldectrode surface. It has been shown that surface concentra-
tion changes are governed solely by diffusiontfer 0.05,
f because the flow velocity close to the electrode surface is
h small and a certain time is necessary before the effects of bulk
restiering are felt at the electrode surface. The dimensionless
sitime for the electrochemical parameters used in this study is
approximately 0.03, which is in accordance with the findings
of previous mass transfer work.

Conclusions
An analytical equation has been developed to predict the

The applicability of Eq. (18) for computing the alloy composomposition of binary alloys when the more noble species is

sitionisillustrated in Fig. 3. The symbols represent the va
obtained from numerical calculations and the lines repre
Eq. (18). The two values are in good agreement for the e
range of pulse parameters examined.

Discussion
Equation (18) can be viewed as a design equation for d
mining the peak current during pulse deposition of allg
Although Eg. (18) is applicable only for the case whemth
time is sufficiently long, previous studies have shown
pulseoff times on the order 0.5 to 1 sec are usually aded
to satisfy this criterion. In this cagecan be computed fron
Eq. (18) when the desired alloy composition is kno
Inasmuch af is dependent only on and {, and f is
completely described by the physical properties of the e
trolyte and g the value ofpi can be computed from.
These results have certain implications for pulse-pl
alloys. One is that a layer of pure copper will always preq
the deposition of nickel. The thickness of this layer, forag
current of -0.050 A/ci is calculated to be 1.2 A, which
half amonolayer. In practice, thicker layers are usually pl
during a single pulse; therefore, this may not pose
limitation during pulse plating of a nickel-rich alloy. It
nevertheless important to note that the partial current for
metals varies for the first 40 msec and, therefore,
graduated alloys are plated during this period. The thick|

lyslated under mass transfer control. Simulation of codeposition
seftopper and nickel, with a rotating cylinder from a 0.0125
nMeCuSQ/0.7 M NiSQ/0.25 M NaCit electrolyte, showed
that the discharge rate for copper is controlled solely by
diffusion for anontime of less than 0.300 sec. Fluid convec-
tion does not play any role in the transport of the cupric
etpecies to the cathode surface during this period. The partial
bysurrent for mass transfer controlled species, therefore, can be
e described by the Sand and Cottrell equations. It was shown
hetat this equation can be employed to compute the peak
ueterent necessary to obtain a particular alloy composition.
n
Widitor's note: Manuscript received, July 1998.
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of the alloy plated during this time is 7.9 A, about 3 ato
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mfeontinued  on page 84.
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