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We report an experiment in the Ohmically-limited electrochemical deposition of zinc which expli-
citly probes the link between microscopic structure and macroscopic morphology in the develop-
ment of interfacial patterns far from equilibrium. We report a previously unrecognized transition
region between diffusion-limited aggregation and dendritic growth; analysis of the microstructure
suggests mechanisms for the macroscopic expression of crystalline anisotropy. We also report the
discovery of a metastable crystalline form of zinc produced during electrodeposition.

PACS numbers: 61.50.Cj, 05.40.+j, 61.90.+d

When a nonequilibrium system grows by the addi-
tion of material by diffusion a very rich variety of mac-
roscopic shapes are possible. The best known cases oc-
cur when diffusion-limited solidification gives rise to
well-defined patterns. Most common are dendritic
(that is, branched) and needlelike crystal shapes which
reflect the underlying symmetry of the crystal lattice.
However, very similar processes such as diffusion-
limited aggregation! (DLA) are known to give rise to
disorderly fractals with no apparent symmetry except
for dilation. It is extremely interesting to try to under-
stand the conditions under which these two types of
growth occur. This paper reports a contribution to that
task.

An essential step in understanding the situation was
taken when studies of models of crystallization? indi-
cated a well-defined crossover from stable growth of a
tip of the solid (possibly leaving side branches behind)
to unstable tip splitting as crystal anisotropy decreases.
A study of a fluid-flow system* and further theoretical
work® again identified two regimes of growth depend-
ing on anisotropy and showed that the tip-splitting re-
gime is the same as fractal growth in certain cases. Re-
cent computer simulation studies of DLA-like growth
models have shown analogous effects.5~?

Electrodeposition offers a very attractive way to
study these phenomena in an experiment on real crys-
tals. Brady and Ball'® showed how to make three-
dimensional copper deposits that were DLA-type frac-
tals and had no apparent symmetry. Matsushita ez al!!
produced similar two-dimensional fractal zinc deposits.
On the other hand, dendritic shapes with evident crys-
tal anisotropy effects are well known!? in electrochem-
istry. We report here an experiment in which we have
observed, for the first time, the crossover between the
two types of crystal formation by electrochemical
deposition of zinc. (Zinc is a better candidate than
copper in this regard because its hcp structure has
more intrinsic anisotropy than cubic copper. In fact,
we tried, and failed, to observe the crossover in
copper; this indicates, once more, the critical role of
small differences in crystal anisotropy.)
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Our electrodeposition cell consists of a copper ring
anode 12.7 cm in diameter set into a piece of Plexiglas
with 0.1 mm exposed above the surface. Aqueous
zinc sulfate solution, pH 7, is poured into this reser-
voir and is confined in a uniform 0.1-mm film by the
addition of an upper plate. The cathode and growth
site is a fine copper wire introduced through a hole in
the lower plate centered within the ring. When a vol-
tage is applied across the cell, zinc ions migrate to the
central wire where they accrete. An inert field wire
0.25 mm from the inner edge of the anode was used to
make the cell a potentiostat. We find that the cell is
Ohmic both by measuring the 7-V characteristics and
also by measuring the response to a small-amplitude
ripple imposed on the dc current.

In Figs. 1 and 2 we show that by varying the concen-
tration of electrolyte and cell voltage we do indeed
produce a wide variety of patterns of deposits, some
quite disorderly, and some of which are ordinary den-
drites. In the remainder of this paper we will try to
understand these patterns.
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FIG. 1. Observed regions of pattern formation in electro-
chemical deposition. Solid lines separate regimes where dis-
tinct morpologies could be identified. The indicated data
points are accurate to +0.01M and +0.02 V. Points labeled
a-d correspond to the photographs in Fig. 2. The data are a
summary of about 250 growth conditions.
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FIG. 2. Patterns in electrochemical deposition of zinc.
Deposits (a)-(d) were grown under conditions indicated by
points a—d in Fig. 1, respectively. (a) DLA, (b) dense radi-
al, (c¢) dendritic; and (d) needle crystal in the extreme den-
dritic limit.

We first note that the rate-limiting step in our cell
(and also in Ref. 11, we think) is not ion diffusion as it
was in Ref. 10. This is clear for two reasons: The pat-
terns that we observe show structure on scales much
larger than any diffusion length in the system. Also,
the cell is Ohmic. If concentration gradients actually
were significant in the cell then the negative ions
which play no role in the chemistry would eventually
screen the field and eliminate conduction current flow.
We think that this does not happen because natural
convection in the cell stirs the electrolyte on scales
larger than the double layer which would form. We
have directly observed the presence of this rapid stir-
ring by adding a dye to track fluid motion. As we
would expect in a cell 0.1 mm thick, the convection
takes place on a small scale ( < 0.05 mm) and cannot
account for the patterns that we see. The detailed
mechanism is not clear.

Even though the dominant current in our system is
a conduction current we expect the phenomenology
outlined above for the diffusion-limited system to ap-
ply. This is because!? for steady-state current flow we
have equations describing the growth that are of an
identical form as in the diffusion-limited case. We
have the same growth instabilities (i.e., largest growth
at tips); these give rise to the patterns that interest us.

We can use the following simple ideas to interpret
our observations. The total current that feeds the
growth is, for our geometry and the assumption of

small-scale random stirring,

2o Vs
In(R/a) ’ (W

where V is the voltage, o the conductivity, R the ra-
dius of the outer electrode, a(¢) an average radius of
the deposit, and s the depth of the electrolyte. Thus
the overall rate of growth has as control parameter (for
fixed deposit size) o Vs, i.e., for dilute electrolyte, nVs,
where nis the Zn* * concentration in solution.

The essential physics that we are investigating here
is the way in which microscopic anisotropy is ex-
pressed in macroscopic shapes. It was found in previ-
ous works®?3 that a useful way to represent this con-
nection is in terms of the boundary condition which
represents a different rate of sticking on various crystal
surfaces. Since the difference in growth rate in dif-
ferent directions is proportional to the total growth,
i.e., to the incoming current, we expect anisotropy to
have larger effects (and give rise to dendrite and nee-
dle crystals) at larger control parameters, e.g., at larger
voltage. This expectation is satisfied in the experi-
ment of Ref. 4, where larger pressure enhances aniso-
tropy effects.

The results of a survey of the macroscopic morphol-
ogy of the deposits are summarized in Fig. 1, which we
classify into two kinds of pattern: disorder fractal
growth at low driving force, where growing tips often
split, and stable dendritic growth at high driving force.
Between these regimes there is a regime of crossover
(labeled ‘‘transition region’’ in Fig. 1). Differentiation
among the growth regimes was based on comparison
with the results of computer models, the fractal
dimension of the deposits, and details of microstruc-
ture which will be discussed below. We measured
fractal dimensions by digitizing photographs and taking
the best-fit slope of log[N(r)] vs log(r), where N(r)
is the number of pixels contained within a radius r.
The scan resolution is 256x 256 pixels and our pro-
gram was calibrated with use of objects of known frac-
tal dimension in random orientations.

Fine highly branched structures such as that in Fig.
2(a) were included among the fractals, as were small
nonfractal dense aggregates which seemed to be un-
dergoing tip splitting, but were round in overall shape
[Fig. 2(b)]. We measured a fractal dimension of
D =1.75 +0.03 over most of the highly branched re-
gime in reasonable agreement with computer simula-
tions. Approaching the transition region, however, we
observed an increase in fractal dimension with increas-
ing voltage and increasing concentration similar to the
trend reported by Matshushita et al.!!

Dendritic morphology is shown in Fig. 2(c). The
extreme limit of dendritic growth of our system ap-
pears to be very stable straight needlelike deposits
such as Fig. 2(d), whose fractal dimension approaches

I1(t)=
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1. This is in contrast with the experiment of Ref. 4 in
which dendrites become needlelike upon crossover
from tip splitting and then become more highly
decorated with increasing driving force. The differ-
ence suggests that the anisotropy in the case of electro-
chemical deposition is introduced through different
boundary conditions.!> We have been rather conserva-
tive in classifying patterns into the transition region.
Included in this regime are deposits that are inhomo-
geneous in the sense that they show bursts of dendritic
growth alternating with tip splitting. These probably
arise from inhomogenities in our cell. Within these
broad (and somewhat subjective) limits the expecta-
tion that nV =const should demarcate regimes of
growth is obeyed. In principle, since the growth re-
gimes represent a change in symmetry, the boundaries
should be sharp in ideal conditions, and there is prob-
ably no separate transition regime.

In order further to elucidate the crossover we have
examined the microstructure of the deposits with elec-
tron microscopy and x-ray diffraction. Material from
the deposits is transparent to 75-keV electrons, indi-
cating that they are typically on the order of 200 A
thick. Transmission electron micrographs of the depo-
sits suggest that the structural differences between the
modes of growth persist down to the smallest length
scales. It is unlikely that convective stirring can
operate on the scale of the micrograph. On these
scales, the structure is controlled by particle diffusion.

Undamaged material from DLA-like aggregates is
shown in Fig. 3(a), displaying tips which are rough and
unfaceted down to a scale less than 300 A. Selected-
area electron diffraction patterns from these regions
[see inset of Fig. 3(a)] suggest that there is no long-
range ordering in DLA-like aggregates. The micro-
scopic structure appears to have intermediate-range or-
der with correlation lengths of typically ~ 50 A. The
isotropic rings indicate a lack of orientational order
within the selected area of roughy 1 um.

Dendritic tips, such as the one shown in Fig. 3(b),
are characterized by large, rounded crystal facets and
areas of smoothly curved features. Diffraction pat-
terns both from the facets and also from several series
of ripples believed to be side branches (not shown) re-
veal sharply defined diffraction peaks and indicate
long-range crystalline order. Furthermore, undamaged
dendritic tips uniformly produce diffraction patterns
with the c axis of hcp zinc perpendicular to the plane
of deposition. No such correlation is evident in DLA-
like material. This strongly supports the assertion that
the stacked-plane structure of hcp zinc is the micro-
scopic source of the anisotropy which stabilizes dendri-
tic growth in zinc.

Additional diffraction peaks obtained at low beam
current indicate a superlattice modulation of zinc in
the planes normal to the c axis. This structure anneals

1266

20004

FIG. 3. Transmission electron micrographs of electro-
deposited zinc. (a) DLA-growth tip; inset: elecron diffrac-
tion pattern of tip showing diffuse rings. (b) Dendritic sam-
ple; inset: superlattice diffraction pattern from grain in
lower left of micrograph. The more intense spots corre-
spond to the (4k0) pattern of bulk zinc.

to the usual hcp conformation and the additional spots
disappear under intense electron-beam illumination.
This modulation also appears as additional Bragg peaks
in the x-ray diffraction of all samples albeit very dif-
fuse in the DLA regime, indicating that the relevant
parameter in the microscopic structural transition in
our system is the appearance of long-range order in the
dendritic regime. This observation supports the as-
sumption that anisotropy stabilizes pattern through a
kinetic term. The additional Bragg peaks also disap-
pear after the material has been allowed to age without
oxidation. Details of this crystalline structure will
form the subject of a subsequent publication.!*
Energy-dispersive electron-beam analysis shows
somewhat less than 0.01 M copper impurities. There is
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no evidence for hydrolysis of water in our experi-
ments.

In summary, we have demonstrated a crossover
from disorderly growth to dendritic morphology. We
also show that there is a close relationship between the
microstructure and the morphology of growth.

These results suggest that a similar relationship may
be operative in other forms of diffusion-limited
growth, in particular, directional solidification.'®
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FIG. 2. Patterns in electrochemical deposition of zinc.
Deposits (a)-(d) were grown under conditions indicated by
points a—d in Fig. 1, respectively. (a) DLA, (b) dense radi-
al, (¢) dendritic; and (d) needle crystal in the extreme den-
dritic limit.



FIG. 3. Transmission electron micrographs of electro-
deposited zinc. (a) DLA-growth tip; inset: elecron diffrac-
tion pattern of tip showing diffuse rings. (b) Dendritic sam-
ple; inset: superlattice diffraction pattern from grain in
lower left of micrograph. The more intense spots corre-
spond to the (hk0) pattern of bulk zinc.



