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Transition layer thickness in microlaminar deposits®
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A theoretical analysis was carried out on the change of composition of a deposit obtained by the dual
pulse method of forming laminar metal foils, with transition from a low current to a high current
pulse, both in the galvanostatic and the potentiostatic mode of deposition. It was shown that the
existence of a transition layer of varying composition between a layer of pure metal 1 and a layer
consisting predominantly of the metal 2 is an inherent consequence of the electrochemical process,
primarily because of an induction period in the concentration polarization with respect to ions of
metal 1. The importance of this transition layer increases as the thickness of the layers of the two
metals decreases. Eventually this limits the possibility of obtaining a sharp boundary between the
layers, when the nanometre region of layer thickness is reached. Equations are given for calculating
the deposition current density and rate of stirring of the electrolyte which provide a deposit of a
required level of metal 1 in the layer of metal 2, as well as a required sharpness of the boundary
between two layers. Experimental proof of the correctness of the analysis was sought. It was found
that significant changes in the properties of the deposit occur in the same range of layer thickness

in which the transition of the composition takes places.

Nomenclature

Qe 1, @cp transfer coefficient of the cathodic
processes

C interfacial capacitance

Ci, G concentration of the ions of metals 1 and 2
at the interface r

e concentration of ions of the metals 1 and 2

in solution
D, diffusion coefficient for the diffusion of
ions of the metal 1

E .\, E., reversible potentials of metals 1 and 2,
respectively

F the Faraday constant

5, 7 exchange current density of the metals 1

and 2, respectively

M, M, atomic weights of the metals 1 and 2,
respectively

v kinematic viscosity of solution

1, P2 densities of the metals 1 and 2 respectively

v rotation speed (r.p.s.)

z number of electrons exchanged in the

deposition process
1. Introduction

In recent years an electrochemical method has been
derived for obtaining laminar metal coatings and foils
from a single electrolyte bath [1-7]. Such coatings com-
prise a multitude of layers of two different metals (e.g.

copper and nickel) deposited upon each other. This
can be achieved by applying a pulsating regime of elec-
trodeposition consisting of the application of trains of
single or dual pulses of current (low and high) or poten-
tial (less and more negative than those needed for depos-
iting both metals), with a possible addition of pulsating
hydrodynamics in the solution [6].

A theory was developed defining conditions of
current (or potential) in the pulses, as well as of pulse
duration needed to obtain layers of desired thickness
of metal 1 and metal 2. The theory also took note of
the desired content of metal 1 in the layer of metal
2, since the latter cannot be obtained free of some
amount of the former [4, 5]. It was assumed that the
change of current or potential driving the metal
deposition processes is instantaneous; i.e. instan-
taneous regardless of whether in the galvanostatic or
potentiostatic mode. This assumption was shown to
be valid for relatively thick layers of the order of a
micrometre, as X-ray analysis or microscopic obser-
vations revealed sharp boundaries between them [5].

Some work, however, indicated that it is the domain
of very thin layers (in the nanometre range) which
may be of interest for obtaining materials with proper-
ties superior to those of both parent metals [7]. Hence,
a significant amount of research is currently being
undertaken in the field. However, even the most sophis-
ticated techniques available make it difficult to discern
between layers of such thickness. In the present commu-
nication an attempt was made to analyse to what extent,

*This paper is dedicated to Professor Brian E. Conway on the occasion of his 65th birthday, and in recognition of his outstanding

contribution to electrochemistry.
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and down to which layer thicknesses, the electrochemi-
cal deposition can give layers of relatively constant
composition justifying the description of the deposit as
laminar compared with those with periodically varying
composition.

Further, equations based on well-established
electrochemical kinetic relationships are developed
which enable calculation of the process parameters
necessary to obtain deposits of required quality.

2. Theoretical considerations
2.1. Derivation of the deposition kinetics

Processes taking place at an interface between a con-
ducting substrate and an electrolyte determine the
relationship between the passage of electric current,
J, and the change of electric potential across the inter-
face, E, in a manner analogous to that in the electric
circuit shown in Fig. 1. Here C is the interfacial capa-
citance. R¢; and Ry, are complex ‘faradaic’ (non-

linear) resistances reflecting the rates of deposition -

of metals 1 and 2, respectively, while R, is the ohmic
resistance of the electrolyte between the electrode sur-
face and a point at which the other end of the poten-
tial difference E is measured (usually the tip of the
Luggin capillary).
The current, J, is a sum of three partial currents:

(1) The capacitance current, J,, arises when the poten-
tial E’ is changed and is given by

J, = —C(dE'/d) (1)

Note that the minus sign arises in order to obtain a
positive value of the current as the potential is driven
in the negative direction.

(ii) The faradaic current resulting in deposition of the
metal 1 is given by the well known equation of elec-
trode kinetics

Ji = J(Ci/CT) exp [~(ac  F/RT)(E' — Exy)] (2)

(assuming that (E' — E,,) is sufficiently large that the
rate of anodic dissolution of the metal 1 is negligible),
(iii) A similar equation applies to the deposition of the
metal 2, i.e.

Ty = J3(Cy/C) exp [~ (ae . F/RT)(E' — E5)] (3)

Jc

Py E —

Fig. 1. Equivalent circuit for electrochemical deposition of two
different metals from solutions containing their cations.

The potential E’, across the interface is related to
the measurable (and controllable) potential E by

E'=E+ RoyJ (4)

The above equations are applicable to any regime
of current or potential. Two regimes used in practice
for obtaining laminar deposits are analysed here.
These are the dual-pulse galvanostatic and dual-pulse
potentiostatic regimes.

2.1.1. Galvanostatic mode of operation: Galvanostatic
deposition is characterized by two levels of constant
current J* and J”. The first current is adjusted so as
not to cause significant concentration polarization
with respect to deposition of metal 1, ie.
(C,/C)) =1 at any time during the first period.
Hence, pure metal 1 is deposited at a rate J; equal
to J¢, since at the potential corresponding to J;, the
current J, is negligible. The potential E, which is
needed to drive J; is given by Equation 2 combined
with Equation 4.

When the current is stepped-up to J 5 two phenom-
ena arise: (i) the potential £’ lags behind this change,
because of the need to charge the interfacial capa-
citance, C, to a new value of potential required to
give the partial currents new intensities adding up to
J? at steady state; (ii) as J; and J, rise, the concen-
tration of the depositing ions at the interface, and in
particular C;, begin to decrease.

Assuming that the ions reach the surface by mol-
ecular diffusion from an infinitely large bulk of
immobile solution, the concentration change, for
example of the ions of metal 1, can be described [8] by

(C/CY) =1— (212 )zF' D2 CD),  (5)

Note that Equation 5 is derived for the case of
constant current, but is also applicable to a current
changing with time.

A similar equation should apply to C,/ Cy. How-
ever, at this point it will be assumed that C5 is so
much larger than C{ that this ratio stays unity during
the pulse, as is usually the case.

Inserting Equation 5 into Equation 2 and rearrang-

ing, gives
a1 F
o] (55) - .

1/2
t o F
0 _ c,1 ’_
1+ 2<—_2Fw1/2D1/2C?) Ji exp [ ( RT )(E E,,l)]
(6)
It should be noted that, at increasing time of depo-
sition and as the second term in the denominator

becomes much larger than 1, the current becomes
entirely diffusion controlled, that is

Jy =

Jy = zFa' /2D ) /211 (7)

The current J; would continue decreasing if the
diffusion layer did not reach a hydrodynamic layer
boundary, at a certain distance &4, beyond which
the concentration remains C at all times, due to the
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Fig. 2. Schematic representation of the concentration profile of ions
in the diffusion layer at an electrode/solution interface. §: Nernst
diffusion layer thickness.

motion of the solution. If the Nernst concept of the
diffusion layer is assumed, as shown schematically in
Fig. 2, the diffusion layer thickness § is

§ = Dy[C] — C1]/(dC1/dx), = = zFD[CY — C)]/Jy

(8)

Inserting Equations 5 and 6 into Equation 8§ it can
be seen that

§=2D'? /2 )

In other words the diffusion layer thickness is inde-
pendent of the current density and depends only on
time. Thus, it may be solved for the time, 7, at which
J; attains a steady state value, as

T = (m/4Dy)6% (10

For example a rotating disc cathode §,4 is given by the
Levich equation

84 = 0.644D)/3 /0112 (11)
Inserting Equation 11 into Equation 10 gives
T =0325D] Py (12)

The overall current—potential relation can be
obtained by summing-up Equations 1, 2 and 3 with
Equations 4 and 5 inserted, that is,

J? =~ CA(E+ RoJ?)/d1 + I}
x exp [(ae 1 F/RT)(E1)]
x exp [ (0o F/RT)(E + RqJ")]/
{1+ (26%)zFr' /DI CP) Y
x exp [(ae1 F/RT)E, ;]
x exp [~ (a1 F/RT)(E + RoJ”)}}
+ J3 exp (e, F/RT ) E; 5

x exp [—(ae2F/RT)(E+ RoJ?)]  (13)

To obtain the potential E as a function of time for a
constant J? in the pulse, Equation 13 must be inte-
grated from ¢=0 at the beginning of the second
current step and from a corresponding initial poten-
tial E®. Note that the character of Equation 13
requires that, at ¢ = 0, some current J% must flow
through the system in order to obtain a finite value
of E® from which the charging starts as a current
step J# is introduced.

0.40
0.00 j®=0020Acm-2
-0.40
w
(& ]
vy
', ~0.80
> 0.030
2 :
2 00
W -1.20 3050
0,080
8'12580
-1.60 0.300
_200 1 i 1 »
0.00 020 ,,, 040 060

Fig. 3. The calculated change of potential with time during galvano-
static deposition of two metal layers upon each other from a single
electrolyte at different cathodic current densities (assumed par-
ameters of the processes cited in Table 1).

Table 1. Parameters used in computing the current—potential relation-
ships in the galvanostatic mode of operation

Parameter Numerical value and unit
Exchange current density, J, {] 1072 Acm™
Exchange current density, Jg 1074 Acem™

Transfer coefficient, a¢; = o5 0.5

Kinematic viscosity, v 10 2em?s7!
Equilibrium potential, E, , 0.1V
Equilibrium potential, E; » —0.8V
Diffusion coefficient, D 10~ *em?s™!

Bulk concentration of ions of the 10~ molem™
metal 1, C1°
Interfacial capacitance, C

Ohmic resistance, R

10~*Fem™
1Qcm?

Such an integration was performed by computer.
Figure 3 demonstrates an example derived for the
potential-time relationship with the parameters
listed in Table 1, expected for the Cu/Ni system: and
with J# varying between 20 and 300 mA cm ™2,

The current J* was made very small compared to J*
so that E* = E, ;. It is seen that the transients corre-
spond to typical galvanostatic charging curves at cur-
rents which cause total concentration polarization
with respect to the first reducible ion. Fig. 4 shows the
change in the partial currents with time. It is seen (Fig.
4a) that, for a reasonable value of the interfacial capaci-
tance, the capacitance current J,, subsides after a very
short time of the order of milliseconds. Subsequent
humps reflect further charging of the double layer for
the transition from the deposition of the metal 1
towards deposition of the metal 2.

It should be noted that the quantity of electricity
spent on metal deposition within the charging time,
obtained by integration of the two partial currents
J, and J,, indicates that less than a monolayer of
metal is deposited.

Hence, it may be concluded that, unless some
unusual pseudo-capacitances appear at the interface,
the capacitance current, as a factor decreasing the
deposition current within one and the same J # has
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little effect on the deposition process.

The partial currents of metal deposition, J; and J,
are seen in Fig. 4(b) and (c), to change during a sub-
stantially longer period of time during which a layer
of changing composition is formed (transition layer).

Except for the lowest current density the current J;
is seen to become diffusion controlled (and is thus
independent of total current) after different time inter-
vals corresponding to different transition times.

2.1.2. Potentiostatic mode: If the electrode potential is
stepped up and down between two values E; and E,,
using a fast potentiostat, the entire change does not
immediately settle across the interface. On the
contrary, at the beginning of the step the entire
change is used to drive the current through the
ohmic resistance Ry in order to charge the
capacitance, and thus change the potential. Hence,
the initial current is determined as

J(0) = (B, - E1)/Ra] +J* (14)

As the capacitance is being charged, E' begins to devi-
ate from the value driving the current J*, towards
E; + RoJ? and the faradaic processes start changing
their rates.

Equations 1 to 4 also describe the situation in this
case, except that now E = F, is constant and the vari-
able changing with time is J A,

As far as the change of C;/ C{) with time is con-
cerned, for the case of a constant potential step it
has been shown that [8]

Ci/CT = exp (1,) erfe (v/ty) (15)

where t, is the time normalized by the kinetic par-
ameters of the process and by the value of the poten-
tial E,, as

ZFD'2C) )

Equation 15 is a function which decreases from the
value y =1 for x = 0 towards y = 0 for x — oo, but
subsides to relatively low values at the value of the
argument x = 5. Values of this function are available
in the literature [9]. The change in the partial current
Ji with time is given by

Jy = J{[exp (t,) erfe (v/1,)]
X exp [— <‘;F ) (Ey— Eyy + RQJ/’)] (17)

Assuming no change in concentration of the ions of
metal 2, the partial current J, is

F
Jy = JJ exp [— (%)(Ez _Er,2+RQJﬂ):| (18)

The capacitive current is derived from equation (1)
taking

E' = E, — E; + RgJ? (19)
as
dJs?
Jo=CRq—-= Ny S AT A (20)

since E; and E, are constant.

The total current J? is the sum of the three currents
given by Equations 17, 18 and 20.

Values of J? and the three partial currents, were
computed as functions of time. A typical result is
shown in Figs 5 and 6 for the same set of parameters
as in the galvanostatic experiment (Table 1) and for
potentials varying between —0.9 and —1.6 V.

2.2. Composition of the deposit

The composition of the deposit resulting from the
simultaneous reduction of the two metal ions, as a
function of thickness of the deposited layer may be
derived on the basis of the above considerations.

=1 F (16)  The content of metal 1 in the deposit at any moment
J? exp [( R°T> (Ey — E;) + RoJ®) must be
x1 =J1/(J1+ o) (21)
j®=0.300Acm™2
0201 0.150
0.080
'7é 015
g 0.050 -
= 3
0.10 0040 4
0030 h
005 740.020
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(a)

(b)

Fig. 4. Partial currents at the electrolyte/solution interface as functions of time, after imposing different constant cathodic current steps.
(a) J.: double layer charging current; (b) J;: partial current of deposition of metal 1; (c) J,: partial current of deposition of metal 2.
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Fig. 5. Time dependence of the current density for the deposition at
different constant potentials.

The thickness of the deposit at any time, assuming
additivity of atomic volumes, is given by

A= [ [0 /ey + Ot fpz )8 @2

Hence, the composition at each point across the
deposit as a function of its growth may be expressed.

Figures 7 and 8 show typical examples of the
change of composition of an alloy with thickness,
when the deposition is carried out in the galvano-
static and potentiostatic mode, respectively, under
the same conditions as those previously stated.

The transition layer is expected to consist of two
regions of change in composition. In the first, there
is a slow decrease in the content of the metal 1 and
a corresponding increase in the metal 2, due to a
slow change of the potential at the interface. This is
due to the fact that a certain amount of electricity
must pass before the interfacial capacitance is
charged to new potential values needed to drive the
deposition processes. However, for the usual values
of the interfacial capacitance, C, and a typical ohmic
resistance Rj,, this region of deposited alloy is thin,
often of the order of a monatomic layer or less and,
hence, is not seen in the Figures. Thus, this part of
the transition layer can be neglected. The major
change in the composition occurs in the second
region, which is primarily due to a slow decrease in
the rate of deposition of metal 1 as a result of concen-
tration polarization with respect to the corresponding

0.20

Jc/Acm2
o
3

0.00 L v "

ions. The latter follows a roughly 2 dependence
to the moment when the diffusion layer boundary
reaches the hydrodynamic boundary layer, where-
upon the two partial currents reach their steady states
and the composition becomes constant. For the
galvanostatic mode of deposition the time taken for
this to happen is given by Equation 10 and is seen
to be independent of the deposition current. For the
potentiostatic mode this may be derived by inserting
J; from Equation 17 into Equation 8 and solving
the latter for the time, 7, when 6§ = 4.

The transition layer thickness, A, is determined by
the amount of alloy which is deposited after the tran-
sition time of concentration polarization with respect
to metal 1, 7', is reached and up to 7. This is depen-
dent on the deposition current.

A, is given by Equation 22 when the integration is
performed between =7 and 7= 7. (At high J?,
7' — 0).

It is clear that the value of A, depends primarily on
the hydrodynamic boundary layer created by stirring
of the electrolyte (or rotation of the electrode). Figure
9 illustrates the case of galvanostatic deposition under
conditions of different §4 values, created by different
rates of rotation, v, showing the dependence of the
transition layer thickness on current density.

3. Experimental details

Alternate layers of copper and nickel were plated by
the dual-current pulse method [5], applying such
pulse trains so as to obtain deposits of ever decreas-
ing layer thickness of equal overall thickness of about
10 um. The depositions were carried out from a bath
containing 2M NiSO,.7H,0, 0.02M CuS0,4.5H,0,
0.5M CzH;Na;0,.2H,0. A conventional electro-
chemical cell with a rotating disc cathode (Tacussel-
Controvit) was used. The cathode disc (4 mm diam.)
was either silver or glassy carbon, polished to a
mirror finish and treated in such a way that the
deposit could easily be peeled off.

Three types of investigation of the deposits were
carried out: (i) optical microscopic observations
(stereo optical microscope, Reichert), (ii) ESCA,
Auger depth .profiling (Riber vacuum system) and
(iii) microhardness measurements (Wolpert V-Testor
2).

Ez-16V vs SCE

Jp/Acm-2
o
]

0.00 0.20 040

.40 .
t/s : s

Fig. 6. Time dependence of partial currents of processes at the metal/solution interface at different constant potentials (a) charging current;
(b) partial current for the deposition of metal 1; (c) partial current for the deposition of metal 2.
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Fig. 7. The content of metal 1 as a function of thickness of layers
deposited at different constant current densities.

For the optical microscopy and microhardness
measurements of the cross section, the samples were
embedded into an epoxy resin, cut at an angle with
respect to the sample surface with a diamond saw
and polished in the usual way, finishing with
0.05 ym alumina particles.

4. Results

Each of the three methods of investigation proved to
be relatively suitable for a certain range of layer thickness.

4.1. Microscopic observations

Optical microscopy, with a maximum magnification
of 2000, was used to observe layers down to thick-
nesses of 100nm. Upon etching the samples, the
micrographs of the cross section revealed a regular
laminar structure with dark straight threads of
copper interpolated between bright nickel layers.
This indicated smooth deposition, layer thickness
being in the range predicted by the theory for the
pulse durations used in the pulse trains.

However, with further decrease in layer thickness,
below 50nm, continuity of the layers was affected.
Figure 11 shows a micrograph of the surface of the
deposit in such a case. Islands of the nickel alloy
upon the background copper are seen rather than a
continuous thin nickel layer.

1.00

E=-0.9vvs SCE
-0.1
0.80
0.60 -1
>
040
-1.2
0.20 —-13
-1
ﬁ-lé
ooobmv o mRNE
1 2 3 4 S 6

10%a7¢m

Fig. 8. The content of metal 1 as a function of thickness of layers
deposited at different constant potentials.
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Fig. 9. Transition layer thickness as a function of deposition current
density at different constant rates (rotations per second) of stirring.

4.2. ESCA — Auger experiments

This method proved not to be suitable for detecting
thin layers of different composition. As the ion gun
had a significant diameter of the beam (1 pm), by
drilling a hemispherical hole which cuts through
many layers, only average content of the metals could
be obtained. No periodicity in composition could be
observed with layers thinner than 50 nm.

4.3. Microhardness testing

This was done on laminar deposits obtained in the
galvanostatic mode at two different current densities
J? (20 and 200 mA cm~2). Layer thickness was varied
by varying pulse duration. Each sample was placed in
the tester and the microhardness measured at five
points. Average values are shown in Fig. 12 as func-
tions of the layer thickness.

5. Discussion

The derived relationships enable manipulation of the
deposition process parameters so as to control both
x; in the second layer and A,

800

700
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400

Ag /nm

300
200

100

Ximax = 8-. 1
8:?g

0.0
00 250 500 125.0 150.0

75.0 100.0
v/rps
Fig. 10. Dependence of the transition layer thickness on the rate of

rotation at different acceptable contents of metal 1 in the layer of
metal 2.
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Fig. 11. Micrograph of a surface of a laminar deposit with layers
50 nm thick.

If Equation 21 is used and the charging current J,
is neglected for the time in which pure diffusion con-
trol is established with respect to J;, for the galvano-
static mode of operation replacing J; with Equation 7
and J; +J; = J? yields

x; = (zFr'/2DY2C)) ) (27P11?) (23)

The content x; becomes constant at the time 7 given
by Equation 11.
Combining Equations 23 and 11 for ¢ = 7 gives

xl = zFDCY ) JP6, (24)

Thus the same x1 can be achieved by different combi-
nations of J* and é;.

On the other side, using Equations 22 and 10, an
approximate relationship may be derived between
JP, 64and A, as

A, =JPr = (M /4zFDp)63J" (25)

If the maximum allowable content of the metal 1 in
the second layer to xf max 18 fixed, from Equations 24
and 25

AT = 7TMC{)§d/(4pxi6:max> (26)

It can be seen that in such a case the thickness of the
transition layer does not depend on the current den-
sity but solely on the rate of stirring, which affects
84. For the case of the rotating disc and combining
Equation 26 with Equation 11 the dependence shown
in Fig. 10 is obtained.

On the other side xlﬁ max 40€s require a certain J s
has to be achieved within A,

\
~]
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100 200 300 400 500
Individual layer thickness / nm

Fig. 12. Microhardness of a laminar deposit as a function of layer
thickness.

From Equations 24 and 25

JP = zPeDM(CP)*/(4p(x{ o)D) (27)

Some limitations exist, however, in the choice of
both J? and 6. In practice, the highest J® and v,
which can be used are of order 1Acm™ and
100r.p.s., respectively. Hence, using Equations 11,
24 and 25, the thinnest 64 of about 107> cm can be cal-
culated and thus, the lowest content of the metal 1 and
the thinnest transition layer, amounting to about 0.03
and 10nm respectively. Of course, reducing J A
increases xlﬂ and decreases A, while reducing v has
the opposite effect, so that the choice is a matter of
optimization.

Equations 24 and 25 indicate that both x1 ‘max and
A, can be reduced by reducing C?. This, however,
also has some limitation in that the smaller it is, the
fower must be J* and the longer must be the first
pulse in order to achieve a desired thickness of the
layer of pure metal 1.

Results of experimental investigation sounded
warning that the theory may not work beyond a cer-
tain layer thickness in which nucleation and growth
phenomena start playing a dominant role.

Moreover, the observed effects on the properties of
the deposit may not be due to the transition layer or
the laminar structure but, rather, to a composite
nature of the deposit consisting of a mixture of
crystals of pure copper and of the nickel alloy, which
is not normally obtained in the deposition of a homo-
geneous Cu—Ni alloy. Further investigation of this
problem is in progress.
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