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In the thin-cell electrochemical deposition of metals the interfacial velocity is shown, in the regime
dominated by migration transport, to match the drift velocity of the counterion. The interfacial velocity
is predicted to be independent of concentration to leading order and the deposit density is related to that
of the electrolyte by the transport number of the counterion. Hecker-like pattern transitions occur when
an acid front migrating in from the anode meets the deposit. The deposit radius at the transition is pre-

dicted to depend only on the ratio of ion mobilities.

PACS numbers: 68.70.+w, 05.70.Ln, 64.70.Kb, 81.30.—t

The principles which govern the wide variety of tree
patterns formed by growth!'=® under conditions beyond
those of diffusion-limited aggregation® are at present un-
clear. Contemporary models® of solidification under full
dynamic simulation and weak anisotropy evolve at long
times a dense branching pattern with a constant interfa-
cial velocity selected by the morphology. In this work we
will argue, and support by experiment, that the interfa-
cial velocity of the dense radial pattern deposited in the
migration limit of an electrochemical deposition (ECD)
system is determined by the transport of the nondeposit-
ing anions. This mechanism is absent from contem-
porary models.® This new principle stems from the ex-
istence in the system of two transporting ionic species
coupled by electroneutrality, but where only one species
has a source and/or sink at the growing surface. We use
this principle along with additional information to ex-
plain the mystery of the universal location of a recently
reported ECD pattern transition.’

Deposition experiments'™ were performed by two of
us in a thin film of electrolyte of thickness & sandwiched
between two Plexiglas disks' and confined inside a met-
al-ring anode of inner radius L, and thickness §, where
L,4=30 cm and §=0.25%+0.02 mm. Deposition was
made onto the tip of a wire cathode inserted central to
the anode. At high voltages (10-25 V) the system was
dominated by migration transport, and a dense radial
pattern*3 was deposited. Figure 1 shows an example.

We first propose an expression for the interfacial ve-
locity of a dense radial deposit in the migration limit.

Consider deposition of a metal ion M of charge z +e
from a binary (M,+A4,-) electrolyte of concentration Co
with an electrochemically inactive anion of charge
—z —e. The electric current 7 in the electrolyte is car-
ried by both ion species.®!® Concentration boundary
layers around electrodeposits have been reported previ-
ously.>*!! For dense radial deposits the concentration of
cations within the deposit interior is negligible and a
sharp (over <0.1 mm) concentration profile exists
across a boundary layer at the deposit interface.* By

electroneutrality and in the assumed absence of any oth-
er cation, anions must also be absent from the interior of
the deposit. The key feature to appreciate is that while a
net flow of depositing cations can be taken up by the de-
posit, there is no such source or sink for the anions. A
region of depletion of anions just in advance of the
cathodic interface recedes at their ionic drift. At the
anode, anions and dissolved cations concentrate in a thin
layer. For a stationary electrode the depletion at the
cathode is usually balanced by diffusion assisted by con-
vection,’ but for our cells we propose that this is effective
over a limited range and that in the migration limit the
interface of the deposit is slaved to the drift of the
anions.

We assume that the deposit envelope is circular, of ra-
dius L, moves with velocity V;(L), and that, to a good
approximation, a step-function ion-concentration profile
migrates in front of the interface at a velocity ¥ —(L).
We propose that

Vi(L)=V_-(L)=u-E(L), (1)

where E (L) is the electric field at the electrolyte side of
the concentration profile and u — is the ionic mobility of
the anion. The current in the cell I(L) is related to
E(L) by

I(L)=2n5LC0F(z+v+u++z_V~u_)E(L), (2)

where u + is the cation mobility, F is the Faraday con-
stant, and a small current due to hydrogen ions is
neglected. Substitution of E(L) from (2) into (1) and
using z +v+ =z —v_ gives'?

dL t-I(L)
V = —_—=——
d(L) dt 2n6LCoFz +v+ ’

where 1 - =u_/(u4++u_) is called the transport num-
ber of the anion.® Consider mass balance of cations
across the interface. For a deposit of radius L the mass
in mol, M, of deposit varies with the disk area A4 as

)

Vd(L)%=[V+(L)+V,1(L)]v+C06, @
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FIG. 1. A deposit within a thin cell of radius 3.0 cm, at an applied potential of 25 V from a 0.05-moldm ~* CuSOy solution.
From 12 to 5 o’clock a distinct branching (Hecker) transition is observed at 0.5L4. From 4 to 9 o’clock the third transition men-

tioned in the text is evident at 0.9L 4.

where V4 (L) is the velocity of the cation just in advance of the interface. Substituting the result ¥;(L) =V _(L) gives
dM/dA =v4Cyé/t -; the deposit density is enhanced over that of the electrolyte by the factor 1/7 —.

An Ohmic model*3'"!? sets the variation of /(L) with L. The cell is modeled as a cathode tip of radius L and resis-
tance Ro, an annulus containing the deposit of inner radius Lo and outer radius L, an annulus of electrolyte approximat-
ed at concentration Cy of inner radius L and outer radius L, and n(L) denotes the sum of the voltage drops across the
two electrolyte/electrode interfaces. For a potential of V volts applied anode to cathode one finds

(R:—Ro)[1+Ro/(R. —Ro)+(B—1In(L/Lo)/In(L4/Ly)] "’

where R, is the cell resistance when L =Lg (this is used
to substitute for the resistivity of the electrolyte) and B is
a ratio of resistivities— that of the region containing the
deposit to that of the electrolyte. At the electrode/
electrolyte interfaces, the current must simultaneously
obey the Butler-Volmer equation of electrode kinetics;’
in its Tafel regime this latter equation is an exponential
relation between I and n. This simultaneous relation al-
lows in (5) the approximation (L) = const. The inter-
facial velocity V4(L) is determined by the substitution of
(5) into (3). Although V,(L) is in principle nonlinear, it
is in practice close to constant across much of the cell.’
With 1/R. < Coll1+0(C§*)] (Refs. 9 and 13) the
leading-order dependence of (5) on Cy cancels the Cy in
the denominator of (3). With the assumption of a weak

3010

(5)

dependence of B8 on Co, V(L) is predicted, as found in
experiment,’ to be only weakly dependent on C.

To test (3) values of I(L) and L(t) were measured for
a variety of copper electrolytes. The I(L) results were
fitted by (5) by fixing n, using the experimental R, and
varying B; see Fig. 2. The I(L)/L curve was then substi-
tuted into (3) and (3) was numerically integrated to pre-
dict L(t). Figure 3 compares with experiment predic-
tions based on the fits of Fig. 2; also shown are predic-
tions for depositions from 0.1 moldm ~® CuBr, and
Cu(CH3COQ),. Ionic mobilities vary with concentra-
tion. We show the predictions of (3) with 7 — calculated
with both infinite-dilution mobilities and mobilities con-
centration corrected by using the Debye-Huckel-Onsager
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FIG. 2. I(L)/L vs L/L.4, where I(L) is the total current
flowing through the cell in the presence of a deposit of radius
L. Experimental results (@) are shown for deposition from a
0.1-moldm ~* CuSOjs solution at 25 V (upper curve) and 15 V
(lower curve). The data are fitted (solid lines) by Eq. (5); typ-
ical fit parameters lie in the range 2 k@ <R. <3k, 0.75
V<n<1.0V,001<B<0.1, Ro=10 Q, and Lo=0.1 cm.

expression.'? The predictions appear in good agreement
with the experiment; although the Debye-Huckel-
Onsager expression at 0.1 moldm ~3 is not accurate—it
overestimates variations in transport numbers.

We now discuss the Hecker transition. This transition
(see Fig. 1) involves an increase in branching rate and
usually, with copper, a change in deposit color. For
CuSO4 and ZnSO, electrolytes, it occurs at a radius
within (0.4-0.5)L 4, universal to a range of applied volt-
ages and electrolyte concentrations.” Ourselves and oth-
ers'? believe it is due to the confinement of the electro-
lyte within the cell. A thin cell in which the anode was
located externally in a bath of the solution did not show
a transition.

We performed experiments with the indicator methyl-
orange, which changes color from 90% yellow to 90% red
in the pH range 4.4-3.1, added to a 0.1-moldm ~3
CuSOy electrolyte. This gave an orange solution con-
sistent with'> pH==4.0. As the deposit grew out from
the cathode we observed a front of red color ending at a
sharp red-orange boundary contracting in from the
anode. The Hecker transition was, to the eye, exactly
coincident with the meeting of the red front and growing
interface. The effect was also observed with the indica-
tor bromophenol blue. Addition of the indicator meth-
yl-violet (violet to blue-green, pH 3.0-1.5) showed a
Hecker transition prior to any front being observed.

These observations establish that the Hecker transition
is due to a chemical front meeting the deposit. We con-
jecture that the relevant front consists of hydrogen ions
at pH 2-3 migrating within the electrolyte'® (we also in-
jected in advance of a deposit the electrolyte at concen-
tration Co but with H,SO4 added to pH 2.5; this caused
a branching transition). The color changes at transition
are explained as the dissolution of black copper oxide by
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FIG. 3. Prediction (lines) of the growth radius L vs time us-
ing the fits for /(L)/L and integrating Eq. (3), compared with
experiment (symbols). Results (diamonds) are for 0.1
moldm ~* Cu(CH3COO), at 20 V. The dashed curve uses
t — =0.433 calculated from infinite-dilution mobilities; the solid
curve uses ¢ - =0.508 calculated from concentration-corrected
mobilities using the Onsager expression. Results (triangles)
are for 0.1 moldm ~3 CuSOQs at 15 V, dashed curve 7 - =0.598
(infinite dilution), solid curve ¢- =0.688 (concentration
corrected). Results (stars) are for 0.1 moldm ~3 CuSOQ, at 25
V, solid curve - =0.688 (concentration corrected). Results
(squares) are for 0.1 moldm ~3 CuBr; at 25 V, top solid curve
t - =0.697 (concentration corrected).

the acid front.

A pH of 4.0 for 0.1 moldm ™2 CuSOQ, is generated by
hydrolysis.'> The H™ ions of the front are likely to be
initiated in the very-high-concentration electrolyte at the
anode by this same process.

The acid front advances with the drift of the H™* ions
and the deposit with that of the anions. By use of (2)
and (3) we can predict their meeting. Consider at some
time the deposit of radius L and the acid front a distance
S in from the anode; substituting (2) for the fields at L
and S one finds

ds _ uuyl(L)

d_L=u_I(L) das _ ®)
dt 82nol ’ dt  82ro(Ly—S) "’

where o is the conductivity of the electrolyte and uy is
the mobility of the hydrogen ion. Equations (6) may be
integrated and solved for the radius Ly=L=L,4—S at
which the front and deposit meet. We find the universal
result

LH=L,4/\/1+ s (7)

where y=uy/u—-. In the case of the sulfate anion,
infinite-dilution mobilities give y=4 predicting Ly
=0.45L,4, in close agreement with earlier experiment7
for both ZnSO4 and CuSO4. Again concentration effects
on the «’s will alter y; we find Ly=0.5L4 and y=3.

We speculate for the copper system that three chemi-
cal fronts (or layers) exist, that the acid front is the first,
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and that the other fronts are of electrolyte at concentra-
tion C'> Co. With methyl-violet added, a second lower-
pH acid front is detected and meets the deposit at
L,=0.8L4 [Eq. (7) predicts that Cu(H,0),*" migrat-
ing from the anode would meet the deposit at =0.8L].
There is also a transition’ at a radius of 0.9L, (see Fig.
1); this is evidence of a third front. Three fronts may be
due to the three species produced at the anode—Cu?”*
by dissolution (second front), H* (first front), and
CuOH(H,0);'" (third front) by hydrolysis'? in the thin
high-concentration layer at the anode.

We observe evolution of hydrogen in the interior of the
deposit and predict for CuSQy4 that the interior will have
more H* than the original solution by a factor 1+up/
u —=5. Some anions must be incorporated into the inte-
rior as counterions to the H*; this will increase the in-
terfacial velocity.

Previous work by two of us>* observed, in the dense
radial regime of a different system, that L «t'2 The
extension of the above theory to this different system is
under investigation.

We conclude that a small change in pH affects the
branching rate of dense radial forms. This may be due
to increased nucleation in the polycrystalline deposit.?
We have established that chemical fronts exist in the
thin cells and cause the universal branching transition.
Our principal conclusion is, however, that in migration-
controlled electrodeposition, the interfacial velocity of
the deposit is selected by anion transport and not via the
growth morphology. We attribute the difference to the
breakdown of the quasistatic approximation for the
counterions whose recession is crucial.
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FIG. 1. A deposit within a thin cell of radius 3.0 cm, at an applied potential of 25 V from a 0.05-moldm ~* CuSOy solution.
From 12 to 5 o’clock a distinct branching (Hecker) transition is observed at 0.5L4. From 4 to 9 o'clock the third transition men-
tioned in the text is evident at 0.9L .



