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Experimental aspects of dense morphology in copper electrodeposition
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We report an extensive study of electrochemical deposition of copper with growth under galvanostatic
conditions and parallel geometry. In such conditions a clear understanding of the origin of the ramified
deposit and of its growth speed is possible, at least in the case of dense morphology. We confirm that
this morphology belongs to a steady-state regime where growth can be modeled as the displacement of a
flat strip of nearly equipotential copper. The growth velocity is exactly the drift velocity of the anions,
which is proportional to the current density. We also show that the mass of the deposit does not depend
on the speed at which it was grown but only on the concentration of salt in the bulk of the electrolyte.
We compute the modifications in concentration profiles and in the electric field due to pH changes dur-

ing growth.

PACS number(s): 68.70.+w, 82.45.+z, 66.10.Ed, 81.15.Lm

I. INTRODUCTION

Electrochemical deposition of copper and zinc has
been widely studied in the past few years [1-11]. These
investigations were essentially motivated by the
diffusion-limited aggregation (DLA) model [12,13]. In
DLA simulations particles are launched at random from
a remote source and wander around before sticking to a
cluster. The structure of the DLA clusters is fractal.

Electrodeposition of metal from a solution was studied
in relation to DLA because of the apparent correspon-
dence between the two problems (as it also occurs with
hydrodynamical flows, Saffman-Taylor fingering, and
dielectric breakdown, for example); but an important
question, which has been little addressed, is the role
played by the electrochemical aspects of the problem,
which are not taken into account in DLA simulations.

For example, in electrodeposition experiments several
morphologies have been reported, among them dense
morphology (DM) [2,3], for which a stable envelope
grows steadily, and thus does not exhibit a fractal aspect.
The physics of the DM regime is then clearly different
from DLA [14]. Hereafter, DM is studied for its own
purpose since it raises questions on the flux of particles in
the vicinity of nontrivial boundaries.

Basically, there are several questions in the case of
electrodeposition that may be related to purely electro-
chemical reactions or dynamics, and not to DLA
features. Let us recall some of these questions.

What are the influences of the following? (1) depar-
tures from electroneutrality [14], (2) electroconvection
and turbulence, (3) electrocapillarity, (4) recrystallization
of the deposit, and (5) impurities; one can wonder also (6)
what drives the system from fractal regimes to DM re-
gimes [14]. This point is connected to the questions of
the distance between the filaments of the deposit [14] and
of the branching mechanism. We will attempt in this pa-
per to give a description of the growth in the case of
dense morphology in parallel geometry and under con-
stant current conditions. This description will include
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the description of departures from electroneutrality and
an analysis of the role of impurities. We will first de-
scribe the experimental setup and experimental condi-
tions (Sec. II), then the theoretical predictions of the
model (Sec. III) and the experimental results (Sec. IV). In
Sec. V, we will discuss the morphological transitions that
occur at a given fraction of the distance between elec-
trodes (the so-called “Hecker effect”), which are also ac-
companied with changes in the color of the deposit. Fi-
nally, in Sec. VI we will show that a potential drop is
found at the tips of the branches, which is compatible
with the theoretical prediction of Ref. [14].

II. THE EXPERIMENTAL SETUP

There are two main ways of doing electrochemical ex-
periments that may be related to the DLA paradigm.
The first one is to take a solution with a supporting elec-
trolyte, which damps out the electric field and allows the
ions to have a motion close to a diffusion-limited one
[10,11]. The second one, which has been widely used,
consists of adopting a dilute solution without a support-
ing electrolyte, and applying a large electric field, thus
getting close to the DLA numerical equations through
the field equations of the electric potential. In that case,
the DLA simulation is generally considered as a Monte
Carlo simulation of the physical phenomenon. In the fol-
lowing, electrodeposition will refer essentially to deposi-
tion without a supporting electrolyte, if not otherwise
stated.

The electrochemical deposition at the electrodes of a
cell has almost always been studied with constant applied
voltage, because people intended to mimic the electro-
chemical analog of the DLA process. When one writes
down the ideal electric equations with the electric poten-
tial ¥ and the discretized equations of the DLA simula-
tions with the probability P for a random walker of visit-
ing a site outside the deposit, one may indeed think of a
one-to-one correspondence.
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Corresponding DLA equations

AV =0 (Poisson’s law)
Vs, =0, szzVo (potential at the electrodes) Ps

v=~—VV (growth kinetic)

Unfortunately the formal electric problem is already a
drastic oversimplification of the reality since these equa-
tions assume local and global electroneutrality. Local
departures from electroneutrality, which do not appear in
this formal model, do really happen in experiments and,
as shown by Chazalviel [14], play a major role in the for-
mation and growth of metal branches from a salt solu-
tion.

In our experiments we used a constant current, rather
than a constant applied voltage, and a parallel geometry.
These conditions are much more suitable for controlling
the experiment, since one knows exactly what is the rate
at which copper is deposited (when working with a con-
stant potential one does not even control the mass deposi-
tion rate). Moreover, there is no a priori reason for the
systematic use of constant voltage when studying DM,
which is clearly not fractal on the macroscopic scale, and
for which DLA justifications seem poorly relevant.

Circular geometry, with a point cathode and a ring
anode, is also broadly used because it enables one to elim-
inate an otherwise unavoidable scale length: the width of
the cell. Sometimes, circular geometry is also stated to
provide isotropic conditions.  Unfortunately this
geometry brings in several experimental problems. It in-
volves a complicated dependence of the growth speed on
the radius of the deposit, because the growth is never in a
steady-state regime. Also, the circular geometry makes
quite uncertain the measurement of growth parameters
during the first stage of growth, when the growth rate is
actually the largest. The parallel geometry, provided that
the cell is several times wider than the width of a typical
treelike deposit (in our experiments this ratio was ranging
between 20 and sometimes 100), can be profitably com-
bined with constant applied current, for in these condi-
tions the potential difference between electrodes and the
growth speed both have a very simple linear behavior as
functions of relevant parameters such as time, concentra-
tion, or cell thickness, as we shall show in the following.

The experiment therefore consists of growing copper
deposits without a supporting electrolyte, between a
cathode and a dissolving anode, in pseudo-two-
dimensional rectangular cells (see Fig. 1) and with a con-
stant applied current. Our samples consist of two parallel
sheet copper blades, separated by a distance of 2 cm, that
are pressed between two glass plates. This cell is filled
through the open sides. Unlike other experiments, our
glass plates are not stuck to each other, but rather they
are held tightly together with a special device (see Fig. 2)
that permits very good parallel alignment of the plates.
This system allows rapid rinsing of the samples, and the
use of the same electrodes for many experiments. Espe-
cially, electrodes that exhibited systematic anomalous
growth, attributed to surface imperfections, could im-
mediately be repolished, or discarded. The growth is

AP =0 (conservation of probability)

=0, P22=1 (probability on the cluster and on the source)

v=—DVP (growth kinetic)
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filmed with a television camera, recorded and digitized
with standard programs software and hardware. In the
experiments that we report on here, the thickness of the
cell could be chosen in the set 0.05, 0.1, 0.15, 0.2, and 0.3
mm. The concentration of copper sulfate ranged between
0.005 and 0.1 mol# !, The distance between the two
electrodes could also be varied. The constant values of
the current could be fixed between 0.1 mA and nearly 30
mA.

A number of practical problems caused limitations on
the use of the different ranges of parameters. The most
obvious and frequent of them was the formation of bub-
bles at the cathode and within the deposit that prevented
one from imposing very high current densities through
the cell. That is to say that currents as high as 20 mA,
though easily achieved, could not be applied to the
thinner cells or less concentrated solutions since it would
not have resulted in the growth of a DM deposit but
merely in the formation of a mess of bubbles, due to both
hydrogen evolution and electroconvection, which break
the growing trees.

For very-low-current densities the deposits are no
longer dense and form patterns similar to the ones ob-
tained for low constant potentials that have already been
reported by several authors [1-10]. There is, however, a
difficulty in defining the critical current density, if any, at
which the change occurs. As the current density de-
creases the envelope of the tips and the branches them-
selves both become increasingly tortuous, but sometimes
the envelopes already show oscillations or instabilities
while the branches still seem rectilinear. We had to
choose an empirical criterion for defining a so-called
stable envelope. We considered DM fronts, ones with
parallel branches advancing altogether, so that the dis-
tances between tips remained smaller than Imm. Since
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FIG. 1. A typical rectangular cell. Studied thicknesses: 0.05,
0.1, 0.15, 0.2, and 0.3 mm. The same electrodes were used for
many experiments. The electrodes are pressed between two
glass plates, thus forming a cell.
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FIG. 2. The experimental device. The sketch does not show
the video and the computers to which the charge-coupled-
device (CCD) camera is connected. The cell is pressed between
two thick plastic plates. The growth is observed through a cir-
cular window, while it is lit from the side with the help of a mir-
ror, which is borne by the sample holder. A vertical screw lifts
the sample holder and presses it against the circular window so
that the parallelism is almost perfect, though the change of sam-
ple can be done very quickly. This device allows rapid rinsing
of the cell, and the use of the same electrodes for many experi-
ments.

the transition between fractal regimes and dense regimes
is smooth, one can hardly speak of a “phase diagram”;
however, the current density seems the right tunable pa-
rameter and not the potential difference. So, previously
reported phase diagrams [2,3], which seem very compli-
cated in a potential-concentration plot, may be under-
standable in terms of current density.

III. EXPECTED FEATURES AND THEORETICAL
PREDICTIONS

Numerical and analytical work on parallel electrodepo-
sition has been reported by Chazalviel [14], and some
preliminary experimental results have appeared in a short
communication [15]. We recall here the most important
conclusions of these papers.

First of all, it is well known that when setting an elec-
tric field between the electrodes the anions move towards
the anode and the cations towards the cathode, with a
drift velocity equal to their mobility times the electric
field. As a consequence cations are discharged and de-
posited at the cathode, and in the absence of stirring,
anions migrate and pile up near the anode. Cations are
formed at the anode. Therefore, the situation is not
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symmetrical. It comes out from numerical and analytical
work [14] that, if the deposit were compact, the collective
motion of the cations and of the anions, that have to fol-
low the electric force, would result in an anion-depleted
zone near the cathode. This is not so because the system
cannot withstand the huge electric field that would ap-
pear in the vicinity of the cathode. Instead, branches
start forming and growing. The simple result is that, at
any time, this motion hinders or limits the formation of
this depleted zone. In order for this compensation to be
efficient at every moment, the growth speed of the deposit
must then be equal to the speed at which the charged
zone tries to form, which is the speed at which anions
withdraw. The profile of concentrations should be the
following (Fig. 3): The zone invaded by the branches
should be almost free of ions of any kind, because of
deposition of copper and drifting out of the anions, and
in the zone between the tips and the anode the concentra-
tion should be constant for both kinds of ions, since
ahead of the branches two fluxes of ions simply cross
each other neutrally in opposite directions. A thin layer
due to the piling up of anions, and hence accumulation of
a part of the copper cations produced by the dissolving
anode, should be formed at the anode.

If these statements are correct, then the main part of
the potential drop through the cell is caused by the
shrinking of the zone comprised between the tips and the

cathode
anode

Y
(deposit)

neutral zone
onstant concentrations

neutral zone
piling up

decreasing resistance because of shrinking H

negligible
resistance

FIG. 3. The profile of concentration and the corresponding
electrical regimes. The upper image comes from a real experi-
ment performed with a colored salt of copper, namely,
CUII)-Naphthol-blue-black. The shaded area ahead of the de-
posit has a constant color, while the zone between the branches
of the deposit becomes transparent: this indicates that the
anions have drifted out. This migration strictly follows the
growth of the deposit. A thin darker layer forms at the anode,
thus confirming the predicted piling up.

equipotential
zone
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anode. The progressive shrinking causes a proportional
increase of the conductance of the cell. The thin layer at
the anode participates very little in the resistivity of the
cell, because it is much thinner than the main part of the
cell and much more concentrated, therefore it behaves
like a small resistance put in series with a much larger
one. More quantitatively the width over which this thin
layer extends is of order V' Dt (in which D is the diffusion
constant and ¢ the time), which is smaller than 1 mm in
our experiments. When the deposit has reached the frac-
tion f of the size L, of the cell, the zone ahead of the tips
is composed of a length L,(1—f) of a solution that is
identical to the initial one, and of a second layer, ]| mm
thick, whose concentration is of the order of ten times
larger than the initial concentration, which is quasineu-
tral. The latter zone is then roughly ten times thinner
and ten times more concentrated than the initial solution;
its resistance is then of the order of a hundred times
smaller. Of course these arguments break down when the
deposit is very close to the anode, when the neutral zone
is negligible (f =1). It also breaks down for very long
times since in this case the diffusion spreads a large frac-
tion of the ions far away in the solution. A detailed study
of the roles of diffusion driven motion and electrically
driven motion is also of great importance in order to un-
derstand the origin of the shape of the deposit. This
study is done in Ref. [14]. The equations of the moving
interface must be derived by taking into account the
different zones that are found in the cell during growth.
These equations are merely obtained by repeatedly apply-
ing Ohm’s law with the upper assumptions. (The analog
equations for a circular geometry were independently
presented [9(b)] by Melrose and Hibbert.)

Let us call ¥ the potential, E the electric field, v the
speed of the front, I the applied current, J the current
density, L (¢) the position of the deposit at time ¢, S the
transverse area of the cell, u the mobility of an ion, and A
the potential drop found at the growing tips of the depos-
it (this quantity is assumed to be a constant in the
steady-state regime, but can be different for different ex-
perimental conditions).

The subscript a stands everywhere for anion, and the
subscript ¢ stands for cation (here copper); then

I=(C.z.u.e +C,z,u,e)ES , (1)
Vanode — Vcathode=A+R (ol , (2)
in which
L(1)
R ()=
0 Se(Cezope +Cozgpty)

is the equivalent resistance of the solution between the
tips and the anode when neglecting the thin layer of more
concentrated solution that forms near the anode.

Let us emphasize the following point: one would ex-
pect the concentrations that enter the formulas to depend
on time; clearly, if all the anions are repelled by the ad-
vancing front, then the anions are always located between
the tips of the branches and the anodes and, if the tips
move toward the anode, the concentration ahead of the
branches increases while the volume comprised between

V. FLEURY, M. ROSSO, J.-N. CHAZALVIEL, AND B. SAPOVAL 44

the branches and the anode decreases. However, it is
true that average concentrations increase, but this aver-
age is taken over two zones: namely, the Ohmic zone
where the concentrations remain identical to the ones at
t =0, and the very thin layer where ions pile up, and
which is not taken into account in the calculation of the
resistance of the solution, as it has already been shown.
This is why the concentrations in (1) and (2) remain con-
stant.

The growth speed is simply related to the field by the
anion mobility

v=p,E , (3)

E= L
Se ( Cczc/'l‘c + Caza.u'a ) ’

4

Given these relations one can easily compute the
different relevant parameters as functions of the applied
current, which is the control parameter we have chosen
(simple geometrical factors relate the field to the current),

)= I,
Se (CCzClu'C +Cdza‘u‘ﬂ ) ’

(5)

LI
Se (CCZCPLC +Caza.u“a) ’

Vanode — ¥ cathode = A+
(6)
L (t) :LO —vut .
Rewriting (5) and (6) as they stand in the case of copper
sulfate, we get

B I
YT 2SeC(1+p, /u,)

(59

Vanode - Vcathode
1

I*t. (6)
1,[28eC(1+pu, /u,)]?

=A+V,—

Using the same kind of algebra, one can compute the
ratio Il of the copper in the branches over the copper
that was formerly in the solution behind the branches,
and one then finds

1 + dQ
—[reL,
_ z.€ fto dt _ Ccch‘c+caza.u'a
C.L(t)s z,C g ’
(7)
M=1+u/u, .

Taking the following standard values from data books,
@, =5.76X10"* cm’v - !s7! and p,=8.64X107*
cm?v~!s7!, we find that IT should be 1.66 at 25°C. It
may seem surprising that the ratio of the copper deposit-
ed in the branches over the copper that was formerly in
the solution in the area invaded by the branches should
not be exactly one, and that it does not depend on the
speed at which the deposit is grown (a nonconstant speed
will even give the same result). One can naturally wonder
where the ‘“‘supplementary” copper comes from. One
must realize that the situation is not static, the copper in
the deposit comes from two contributions. These two
contributions clearly appear in (7) as two terms which
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represent the two components of the current. The ex-
istence of two parts in the current can be explained in
two different but complementary ways: first, one can
remain in the laboratory frame and say that the current is
composed of a cationic current plus an anionic current.
This anionic component is surprising since the anions do
not deposit. However, the anions migrate and pile up at
the anode, hence carrying a part of the current. Second,
one can go in the moving frame of the advancing front,
thus canceling the anionic current. In this case, the inter-
pretation is that one must add to the speed of the cations
the speed of the moving frame, which is precisely the
speed of the anions. This situation is not usual in electro-
chemistry, where the solution is generally stirred in order
to prevent the formation of concentration gradients. The
result on the amount of copper present in the branches is
quite enlightening, since it shows that this mass does not
depend on how fast the deposit is grown. This is to say
that for a given concentration, the linear density of the
deposit is the same, whatever the growth speed. As a
consequence, the ratio of the linear densities of two fila-
ments grown at different speeds is equal to the inverse of
the ratio of the number of branches in the deposit.

The geometrical factors that enter the current density
and the electric field imply that the growth speed should
be constant throughout the cell [Egs. (3) and (4)] for a
fixed current density. Concerning the potential difference
between the electrodes, one notices that V varies linearly
with time [Eq. (6)]. dV /dt is constant during the growth,
and related to growth speed by an I/(2SeCIlu,) factor
[Egs. (5) and (6)]. The growth speed should vary linearly
with the applied current [Egs. (5) and (5')] and dv/dI
should be proportional to 1/C. Some of the main aspects
of the growth presented here were first and briefly issued
in Ref.[15].

IV. EXPERIMENTAL RESULTS

We now give the experimental results and explain some
of the experimental limitations.

A. The potential drop

The potential drop between the electrodes for a given
current, a given cell thickness, and concentration was
measured. A typical curve is shown in Fig. 4. Three re-
gimes, in fact, can be distinguished. First a transient re-
gime at the early stages characterized by an overshoot of
a few volts. This period corresponds to the delay that is
needed before building up the first “trees” and the
steady-state envelope. This delay only depends on the
current density, and does not depend, for example, on the
distance beiween electrodes. As a matter of fact, as soon
as one uses a parallel geometry and a constant current
density, the growth is in the same steady-state regime,
whatever the distance between electrodes (note that this
is at variance with the commonly used circular
geometry).

Next, one finds a linear regime that lasts until the
branches arrive at a couple of millimeters from the anode
and stop growing. The only effect of increasing the dis-
tance between electrodes is to make this steady-state re-
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FIG. 4. The potential difference between anode and cathode
vs time plot. The voltage vs time curve exhibits three main re-
gimes. The building up of a potential drop takes less than 10
sec. Afterwards, the linear region corresponds to the growing
dense parallel morphology. The increase of the potential that is
observed after 175 sec corresponds to the noisy regime that
starts when branches arrive in the vicinity of the anode. Experi-
mental conditions are as follows: current of 10 mA, thickness of
0.2 mm, concentration 10”2 mol £ 1.

gime proportionally longer.

At the end, there is a noisy regime where the copper is
no longer deposited on thin branches but rather on “blos-
soming cauliflower florets” very close to the anode and
facing it. This regime is accompanied by a huge increase
of the cell resistance, and lasts until bubbles appear [in
the case of “fractal” growths, the general outlook of the
V (t) curve is the same as above, showing that this kind of
measurement is only sensitive to the average of the poten-
tial]. The experimental measurements that we report in
this paper were done after the overshoot, during the
linear regime, which starts generally a few seconds after
the beginning of the growth and lasts in most cases until
the arrival in the vicinity of the anode.

B. The growth speed

The linear regime for the potential decrease takes place
at the same time as the linear regime for the growth
speed. In this regime, the growth speed was found to be
almost constant. (Fig. 5), as long as the deposit is of the
same morphology (see Sec. V). The only errors arose
from the definition of a stable envelope. In the range of
parameters for which the stability was not found to be
perfect, we averaged over several runs in order to get
better accuracy. The dependence of growth speed on
current was extensively studied, and it was found to be
linear in the range of parameters studied (Fig. 6), as ex-
pected. The variation of growth speed with concentra-
tion was also studied. Figure 7 shows dv (I)/dI as a func-
tion of 1/C. The agreement with the predicted curve is
fair. We wish to mention that this curve required hun-
dreds of runs and is very reliable.

Several authors (Ref. [4] and references therein) work-
ing in circular geometry found a constant growth speed,
varying linearly with ¥, the applied potential. We must
stress the fact that working in circular geometry and con-
stant potential, and assuming the same hypotheses as the
ones we present in this paper for the linear regime, imply
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FIG. 5. The grown length vs time for copper sulfate (top) and
copper acetate (bottom). The straight lines show the theoretical
predictions, which are in fair agreement with experiment. The
conditions are concentration, 1072 mol ¢ ~!, and spacing, 0.1
mm.

that the growth speed during one growth should vary like
V/(R InR) (8)

(see also Ref. [5] and Fig. 8), where R is the radius of the
growing deposit.

It is then normal to find a linear dependence in V, as
they observed (but could not explain). However, as noted
by the authors it is not so normal to find a constant speed
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FIG. 6. Growth speed vs applied current for copper acetate
1072 mol /™! (up) and copper sulfate 1072 mol #~! (down).
The straight line is the theoretical prediction.

1/c a0)

FIG. 7. The behavior of dv/dI as a function of 1/C. A
departure from rectilinearity is noticed for the higher currents.
The straight line is the theoretical prediction: the agreement is
excellent. Growth speeds are in millimeters per second, concen-
trations are in 1072 mol ¢ ~! units, and currents in milliamperes.
The thickness of the cell is 0.2 mm.

throughout the cell. Actually, the reason why the growth
speed could have been found to be almost constant in cir-
cular geometry (growth speed should be constant only in
parallel geometry), might be that the speed profile [Eq.
(8)] is indeed very flat (Fig. 8), except very near the elec-
trodes of the cell. Also, in circular geometry, the front
perimeter increases during growth. In particular, the
measurement of the speed of the front is not easy when
the front perimeter is still small, which corresponds to
the region where the largest variation of the speed could
be expected, according to Eq. (8) and Fig. 8.

C. The dependence on thickness

Since growth speed and dV (t)/dt are just proportional
within a factor pI /S (where p is the resistivity of the elec-
trolyte), we have performed a systematic investigation of
dV (t)/dt as a function of current and cell thickness. We
have plotted in Fig. 9 dV(t)/dt as a function of the
current density, for different thicknesses: 0.05, 0.1, 0.15,
and 0.2 mm. The curve is the theoretical prediction
when taking into account the effect of nonideally dilute
solution on the mobility values [16] (‘“finite dilution
effect”): the agreement is excellent.

D. The copper ratio

The assumptions made in this paper imply that the ra-
tio of copper deposited to the copper that was formerly in
the zone invaded by the branches should be 1+pu./u,.
The copper deposited is measured as

1 "1 dQ
— [ St )

zedio dr

where #; is the time at which branches start forming,
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FIG. 8. The three plots show the dependence of the current
density and hence the speed at the edge of a flat advancing disk
vs the radius of the disk (a value of 100 corresponds to the ar-
rival at R =R, q.). The current is in arbitrary units. The plots
are given for different ratios of the effective resistivity of the
disk over the resistivity of the remaining solution between the
disk and the anode. From top to bottom the ratio is 0, 1/100
1/10. Note that the profile is flatter when the resistivity of the
copper deposit is larger. The largest variations of the current
should be expected at the beginning and at the end of the
growth, where either the growth speed is difficult to measure or
the deposit enters a three-dimensional regime.
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FIG. 9. In the linear regime dV /dt is constant. This quanti-
ty is predicted to behave as the square power of I and as the in-
verse of the square of the thickness of the cell (see the formula
in the text). We have then plotted the quantity (dV /dt) as a
function of the current density for different cell spacings. The
thicknesses are expressed in millimeters.

after the potential overshoot. On the other hand, the
copper in the area invaded by the deposit is CL (t)ld,
where C is the concentration, L (¢) the location of the ad-
vancing front, and / the width of the cell. The ratio is
then easy to compute. The results are shown in Fig. 10
for some currents, spacings, and concentrations. There is
a fair agreement with the predicted value (1.66), the ex-
perimental value lying between 1.6 and 2.4 depending on
the concentration used. For a concentration of 0.01
mol ¢ ! of copper sulfate, the experimental value of the
copper ratio is very close to its theoretical value (1.66),
derived for infinitely dilute solutions; for other experi-
mental conditions the value of the copper ratio is not so
close to 1.66; this will be commented on in Sec. IV F and
in Sec. V.

E. Effect of changing the anion mobility

There is still another quantity that can be experimen-
tally modified: the mobility of the anion. We did with
copper acetate the same experiments that we had done
with copper sulfate. Some features are actually different,
described as follows:

(a) The front is more unstable even though branches
are filamentary.

(b) Bubbles occur very easily and they often hinder the
growth.

(c) The DM pattern often looks like a group of
branches with the same root growing like an open fan, in-
stead of looking like gently parallel branches with
translational invariance.

(d) The Hecker effect is much more visible.

In the case of copper acetate the diffusion coefficient at
25°C taken from standard data books is 1.09X 1073
cm?s”! and the charge is one, then the ratio IT should
equal 2.33.

The general behavior in the case of electrodeposition of



6700

copper acetate is the same as for copper sulfate: growth
at a constant speed (Fig. 5) with a linear dependence of
growth speed with current density (Fig. 6). The experi-
mental data for the copper ratio are in qualitative agree-
ment with the prediction (Fig. 11); however, the experi-
ments show a departure from the value expected from
standard data since we found the experimental values be-
tween 2.3 and 3.5 for several concentrations. Moreover,
the copper ratio was found to increase slightly with the
applied current, which had not been so neatly observed in
the case of copper sulfate. This, again, will be comment-
ed on in Sec. IV F and in Sec. VI.

F. The dependence on concentration

It has been reported [5] that the growth speed seemed
not to depend on the concentration and that the system

2.5 T T T T v T
20 @
1.5 7

V. FLEURY, M. ROSSO, J.-N. CHAZALVIEL, AND B. SAPOVAL

44

selects the branching rate, or the compaction of the
branches, in order to adjust the speed. There is indeed
nothing surprising in this: one should notice that, when
working with constant potential, the electric field is al-
ways the potential difference divided by the distance be-
tween the opposite ends of the cell (or between the front
of the deposit and the anode); hence this field does not de-
pend on salt concentration (neither the potential
difference nor the geometry of the cell depend on concen-
tration); since the speed is proportional to the field, we
conclude that the growth speed, when growth is achieved
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with constant potential, indeed does not depend on con-
centration. Of course, since the concentration has an
influence on the mobility [16], one must expect a slight
increase of the growth speed for the larger concentrations
when the solution is very far from an ideal dilute solu-
tion. One can try to include a full treatment of the
dependence of the mobility on concentration.

The dependence of the ion mobility on the concentra-
tion comes from two different effects [16]: First, the elec-
trophoretic effects on the ionic cloud that surrounds and
screens the ionic charge and, second, the relaxation com-
ponent of the drift velocity [16]. These well-known
effects give rise to a dependence of the mobility on the re-
ciprocal Debye-Hiickel length y

172

xX= —E;T(Caz§+ccz3)e2

(€ is the permittivity, k the Boltzman constant) which is

2
. ZeX _ e XCO
C)=p—ZX _ pexo
MO == ™ 2amekT

The dimensionless factor w was computed by Onsager, its
value is - when z, =z,. (In the expression of the mobility
one recovers the empirical law of Kohlrausch, who had
found that the mobility behaves as V'C.) The expression
of u is useful when comparing the experimental results
for V' (¢) to the theoretical expectation at infinite dilution,
since it explains the discrepancy between the two curves.

However, if we write the copper ratio as a function of
concentration

_zex | MeX©
(4
M=1+ 617 241r§kT ’
_zey HM.e X0
9 6mm 24wekT
we find, in the case of copper sulfate,
_57-217vVC
8.6—2.71V'C ’
in which the concentrations are expressed in
1072mol ¢/~ L.

This expression is a decreasing function of the concen-
tration, while experimentally we have found larger values
of the copper ratio. As a consequence, we cannot ascribe
the discrepancy between the observed value of II and the
value at infinite dilution to a finite dilution effect. On the
other hand, there is evidence of a slight increase of the
value of the copper ratio with an increase of the applied
current, which can certainly not be ascribed to finite dilu-
tion effects. We will show in Sec. V that protons, which
are known to be produced at the anode and then migrate
in the bulk, are responsible for the unexpectedly large
value of II. Especially in the case of copper acetate, the
copper ratio is seen to increase with the applied current:
if the value of the copper ratio is extrapolated to the ori-
gin (zero current) we see that we recover a value much
closer to the expected value; we also attribute this behav-
ior to hydrogen evolution. Indeed, if the anode produces
hydrogen, and if hydrogen is incorporated into the depos-
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it either as interstitial hydrogen or in bubbles (which is
very often the case), then the value of the deposited
copper, which we have considered to be given by It /ze, is
clearly overestimated, since part of the current will be
consumed by proton reduction. The role of the protons
will be discussed in greater detail in Sec. V.

G. A direct measurement of ionic mobilities

We wish to underline the interesting fact that, except
for a possible role of the protons, the experiments that we
report here provide a way of measuring the mobility of
both species in the solution. Indeed, if one measures the
copper ratio I, and dV (t)/dt (=p), then the mobilities
are given by

__r _(I=nr?
28eCII%p’ He 28eCTI?p

Hq

V. TRANSITION ZONES

Transitions in morphology are very frequent in DM
(but are also observed in fractal regimes [17]). The so-
called Hecker transitions scale with the size of the cell, as
it has already been reported [5,6,9,15]. In our samples,
there were generally two main visible changes in mor-
phology, separating three different zones, each one of a
length roughly equal to one-fourth of the deposit length
at the end of the growth (sometimes these zones can
hardly be noticed unless one knows in advance where
indeed to expect a transition zone). Figure 12 shows that
the transition can be responsible for a slight change in the
variation of the potential drop. For this reason, only the
measurements of potential differences before the Hecker
transition have been considered when plotting d¥V (¢)/dt
as a function of current density.

Some authors claim that morphological changes are
some kind of statistical phenomena, reflecting a macro-
scopic effect of the boundary conditions [19]. Numerical
attempts to generate sharp transition lines by growing
clusters with biased random walks fail to reproduce the
features of the Hecker effect, without even mentioning
the rather artificial way of including a bias in the deposi-
tion mechanism. We have presented in Ref. [18] a study
of the Hecker effect, in which we show that the transition
zones are merely due to the migration of ions (copper,
sulfate, and impurities) of opposite signs in opposite
directions. A similar conclusion has been independently
reached by Melrose, Hibbert, and Ball [9(b)]. As shown
in Refs. [9(b)] and [18], if a step in the concentration of a
given impurity migrates in the solution towards the de-
posit, one must expect a morphological transition some-
where in between the electrodes, at the place where the
impurity front meets the growing deposit. Furthermore,
if a non-negligible quantity of protons (for example) is
produced at the anode, then it will affect the production
of cations, thus altering the supposed steady-state con-
centrations in the bulk. We now show how the effect of a
production of a positively charged impurity, such as pro-
tons, will affect the description of the growth.

We suppose that at the start of the experiment the con-
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FIG. 12. Top: potential difference V() between electrodes
during growth, in the case of a fairly neat Hecker effect (copper
sulfate 2X 1072 mol £~ !, geometry 6 cmX2 c¢cmX0.2 mm, 10
mA). Bottom: derivative dV (¢)/dt, in this case the change of
slope is of the order of 25%, leading to a value of Cjj of the or-
der of 1072 mol ¢\

centrations of anion and of metallic cation are C, and C,,
and that the concentration of protons is negligible (a con-
centration Cy of protons could easily be incorporated in
the calculus, if required, but it could be neglected in our
experiments). We now suppose that protons are pro-
duced at the anode concomitantly with metallic cations.
We shall now call zone I the region of the electrolyte that
is not yet perturbed by the dissolution of the anode, and
zone 2 the zone where impurities produced at the anode,
and especially protons, can be found. The quantities in
zone 2 (concentrations, speeds, etc.) will be labeled with a
star. The two zones are separated by an invisible front
which is described in detail in Ref. [18].

The question arises of what the concentration profiles
in zone 2 are. Since protons are produced, the anode will
produce fewer copper ions, so that the electroneutrality
and the conservation of current will still be satisfied. If a
positive step Cj of concentration is expected for the pro-
tons, then a negative step must be expected in the concen-
tration of copper, so that the cation concentration is no
longer C, but C* (C)<C,), and we must have
Cfit+z.Cr=z,Cy. The problem is that the protons do
not migrate with the same speed as the copper ions: how
can the system manage to maintain the electroneutrality,
while the speeds vy =pyxFE for the proton and v, =u E
for the cation are very different (v, <vy)? In order to
solve the problem we make the following hypothesis:
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there exists a steady state on both sides of the invisible
front. This is to say that while the concentrations are C,
and C, and the field is E in zone 1, the concentrations in
zone 2 are uniform with values (to be determined) Cf,
C¥, and C; and the field in zone 2 is E*. The interface
between the two zones is, in fact, a discontinuity in the
concentrations and in the electric field.

This hypothesis is strongly supported by experiment:
the dependence of the potential with time is linear in the
two zones, and does not depend on the distances between
electrodes [18]. The growth speed is almost constant in
the two zones.

We now calculate the concentrations C} and C; and
the field E* as a function of the concentration C{; which
is produced at the anode (which is an unknown data).

In zone 1, the conservation of current gives

J
e(zc.u‘c Cc +za.u‘a Ca ) ’

while in zone 2 we have
E*= J ,
e(z,C} +2,,C} +unChr)
J
ez, (e 1 )CF +Hpy—p)CH]

E*=

Now, we cannot allow any accumulation of ions at the in-
terface itself, because if ions would accumulate at the in-
terface, there would be no way of hindering a leakage of
the interface from the side of smaller field to the side of
larger field, and then, there would be no steady state. We
must then equate the rates of drifting in and out of the
ions. This becomes for the anions, in the moving frame
of the front

Ca*( _:u'aE* '_‘U,HE* )=Ca( _:u‘aE_:u’HE* ),
which gives

[(:u'a +:“’H)Ca* +1u’HCa ]J - ,u'aCaJ
za,uCC: +Za‘LLaCa*+(/1/H",U—C )C;{ chuccc+za.u'aca

We finally have for C;

* :u’HCa(:u'czc Cc +:u’aza Ca )+.ua (:u’H"/J'c )CaCI‘-‘I
¢ (nu'a +:U‘H )(.u’czc Cc +nu'aza Ca )_:u‘aza Ca(l'l'c +:ua )

—c Moy —p)C, Chy
:u'H(/J‘czc Cc +:u“aza Ca )

a

1+

(remember that z,C.=z,C,) and, since Cf=(z,/

2, )C*—(1/2,)C},

kgt )CHCH
nu’H(H'czc Cc +:uaza Ca )

cr=c, |1

’

and for the field
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When considering a binary, symmetrical electrolyte with
C,=C.=C,z,=z=z,and u,=u,=u, we get

Cr=CH+(ug—n)Cf/2zuy

and consequently
Cr=C—(uytun)CH/2zpy ,
E*=J/[2zuC+(ug—u*/uy)Ch le .

This form is more practical for the interpretation: since
the mobility of the proton is larger than the mobility of
the cation (generally copper or zinc), the field in zone 2 is
smaller than in zone 1, thus the growth speed is de-
creased when the deposit grows in zone 2. Also the anion
concentration is larger, and the cation concentration is
smaller. The above equations give the actual values of
the concentrations and of the field in zone 2. In princi-
ple, these equations allow one to actually measure the
concentration of protons, by comparing the linear varia-
tion of the potential difference on both sides of the Heck-
er transition, or by measuring the growth speed, which is
given by u,E*. Straightforward calculations lead to the
following relation between Cfj and the ratio a=E /E*, of
the field in zone 1 over the field in zone 2,

—ap, +:u’H
T He +.u‘H

a:u'a _IU‘H _
Mot

CH =chc

In the case shown in Fig. 12, the concentration of protons
is found to be of the order of 1072 mol £ 1.

Furthermore, the ratio IT will be modified because of
the presence in the bulk of a different kind of charge car-
rier. If we restrict ourselves to the case where the only
charge carrier produced at the anode, apart from the me-
tallic cation, is the proton, we can write the charge that
has entered the deposit as

* *
[Trat=["o2sat+ ['o*t-sar,
0 0 A

wh re t* is the time at which the front meets the first
protons coming from the anode, and ¢ is the time at
which it arrives at the other end. So

(4

*
S(L—L*),

Hq

[Trar=-2-sL*+
0 Ha

where L* is the place at which the Hecker effect occurs.
And the quantity IT* which is actually measured, instead
of the real copper ratio, is

(Bu—n B, tpy) Ch
IU“H(.“'L' +:ua ) zc Cc

L*
L

m=1+2 4

a

1__

Now, in this expression, L * is known and the concentra-
tion profiles are known in both zones, as functions of the
proton concentration. So, a value of Cyj can be derived
from the departure of I1* from the value of II. For exam-
ple, in the same case where C§; was calculated from the
change in the slope of ¥V (¢), we find, from the indepen-
dent measurement of IT*, the value C§;=0.9X 1072
mol ¢!, which is in excellent agreement with the value
derived from the change of slope. Still, one must keep in
mind the fact that many sources of errors are certainly
present, such as presence of other kinds of impurities, er-
rors in the time at which the front is considered to have
started, error in the time at which it is considered to have
stopped, possible time delays when the deposit meets the
step in proton concentration, and has to rearrange in or-
der to keep on growing, and errors in C.

Also, it is not clear whether all the hydrogen is re-
duced when it arrives on the deposit, as is implicitly as-
sumed in the above calculations. The situation is very far
from equilibrium, and the structure of the surface is so
complicated that it seems a formidable task to make a
prediction of the quantity of protons which is reduced
and the quantity of protons which remain in the rear
zone of the deposit, with a corresponding balance of neg-
ative ions.

The dependence of IT* on the current, especially in the
case of copper acetate, is certainly due to an increased
production of protons by the anode, when working with
higher currents [20]. Experiments aiming at checking
that the increase in IT* can be related to a direct mea-
surement of the pH are in progress.

VI. IN SITUMEASUREMENT OF THE POTENTIAL

In order to measure the potential of the solution in the
vicinity of the tip of the branches, we have built a mi-
croprobe bearing ten copper wires per centimeter, touch-
ing the surface of the electrolyte, and recording the volts
at their tips during the growth of the branches. Two runs
with eight and seven microprobe wires are shown in Figs.
13 and 14.

The interpretation for the first figure is the following:
the first flat zone gives the potential difference between
the wire and the anode; as long as the front has not yet
passed under the wire, this potential difference is the
Ohmic potential drop due to the electrolyte between the
wire and the anode. The experiment then tells that this
potential difference is almost constant. This is in agree-



6704

45
~~
>
~ |
g’o t linear regime !
< | '
= ! 1
o |
> i

1
O 1 a2
0 50 100
time (sec)

FIG. 13. Experimental recording of the potential drop be-
tween points in the solution and the anode. The upper measure-
ment is made 5 mm away from the cathode and the lower one is
made 7 mm away from the anode. Distance between anode and
cathode is 2 mec. Concentration of copper sulfate: 1072
mol ¢~ !. The current is 2 mA and the thickness is 0.2 mm. As
long as the deposit has not passed the probes, the potential
difference is constant: the solution between the probes and the
anode behaves as a constant resistor, its concentration is then
almost constant.

ment with the expectation that the electrical equivalent
of the solution, between a point in the bulk and the
anode, remains identical, except for the tiny piling-up
zone whose resistance is negligible and a possible slight
decrease in resistance due to proton formation. The
nearly vertical transition happens when the branches that
advance in the solution pass near the wire. This transi-
tion occurs at different times for each wire since the wires
are located at different places between the cathode and
the anode (due to technical problems the spacings be-
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FIG. 14. Experimental recording of the potential difference
between points in the solution and the cathode. The experimen-
tal conditions are 1072 mol# !, 3.5 mA. The potential de-
creases linearly while the branches of the deposit get closer to
the probe (mind the scale which is different from that in Fig.
13). There is a clear potential drop at the tips. After the depos-
it has passed under the probe, the potential difference remains
constant.
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tween the wires were not exactly identical, so the
different curves shown on Figs. 13 or 14 are not equally
spaced), and are reached at different times by the
branches of the deposit. Afterwards, a given wire records
a potential difference that exhibits a linear decrease
caused by the shrinking of the neutral zone between the
tips and the anode. Since the neutral zone shrinks at a
constant speed, so drops the potential. The very last zone
shows the noisy regime that finally occurs. Meanwhile,
anions and cations pile up at the anode, but these partici-
pate very little, as explained before, in the general con-
ducting properties of the neutral zone.

The most interesting feature of this experiment is the
drop of a few volts that is measured at the front. This
means that there is indeed a discontinuity between the
potential in the branches and the potential in the neutral
region. This confirms the existence of a zone where the
electric field is still large, near the tips of the branches.
Since the distance between probes is 1 mm, we can derive
from the data that the distance over which the potential
falls is certainly smaller than 100 um. However, this po-
tential drop looks very much like the potential drop ex-
pected on theoretical grounds in order to explain the
growth of branches. Let us recall that following Ref.
[14], we believe that the growth of the branches is needed
in order to prevent the formation of a depleted zone
where the field would otherwise be enormous. As it ap-
pears in Figs. 13 and 14, the formation of the depleted
zone is efficiently hindered by the growth of the branches
but there remains a sharp potential drop right at the
front.

Moreover, the general outlook of these curves strongly
suggests that the zone behind the wires is almost equipo-
tential during the linear regime. This is very clear in Fig.
13 where the potential difference between the probes and
the cathode is recorded. One expects that if the deposit
were a perfect conductor, the potential difference would
fall to zero as soon as the deposit reaches the probe. A
sharp fall is indeed observed; however, the fall does not
go to zero, thus revealing that the deposit is not a perfect
conductor. We could estimate from several data the
linear resistance of the filaments as being comprised be-
tween 300 and 3000 Q2/cm, so the resistance of the depos-
it is of the order of a few percent of the Ohmic zone of
the solution. (Values of the resistance of the same order
of magnitude, in the case of deposits grown with a sup-
porting medium (paper), have been reported in Ref.
[9(c)].) Some care must be taken in interpreting the data
because several bubbles always occur right at the Hecker
transition. These bubbles might be responsible in some
cases for a malfunction of the probe.

The potential drop was found to vary with the applied
electric field. A detailed study of this dependence will ap-
pear elsewhere. However, as we see in Fig. 15 that there
is an increase of the potential drop with increasing ap-
plied current density. In our experiments, with a linear
geometry and a constant current, the potential drop is
then constant at the tips, thus providing a real steady
state. In the experiments reported with a constant poten-
tial, and/or a circular geometry, the growth is never in a
real steady state, not only because the current density
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FIG. 15. Dependence of the potential drop on current densi-
ty (C=2X10"2 mol #~'). There is an increase of the potential
drop which shows that a steady state for the growth only exists
when working with a constant current density. This is the case
in parallel geometry and constant current.

varies, but also because the potential drop at the tips will
depend on the size of the deposit.

VII. CONCLUSION

All the results that we have reported strongly demon-
strate some new and some old assumptions on the dense-
morphology regime of copper electrodeposition. These
are as follows: after the initial stage during which the
stable front is formed and until the branches arrive in the
vicinity of the anode, the copper branches can be
modeled as a flat continuous smooth area advancing into
a solution of copper sulfate and repelling the anions in
the zone free of deposit. We have proved that this
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motion is due to the drift of the anions that forces the
growth of the branches. This speed is monitored by the
current density. Therefore the system selects the branch-
ing rate and the porosity of the deposit in order to satisfy
the electrochemical conditions of the experiment: con-
centration, cell thickness, and other possible relevant pa-
rameters. At the tips of the branches a potential drop is
found, which is the limiting value of a withstandable po-
tential drop, beyond which branches form.

We have also shown that a moving front of different
pH that advances in the solution towards the deposit is
responsible for the existence of two zones where two
different steady states occur, in which we give the actual
values of the concentrations and of the field. These zones
are separated by a propagating discontinuity surface that
provokes the Hecker effect when arriving on the deposit,
as it was already known.

This paper did not address the question of morphology
on the microscopic level, nor the fractal character of the
deposits grown at low current densities. Results on pure-
ly morphological themes are planned for presentation
elsewhere.
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