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Noise-reduced electroless deposition of arrays of copper filaments
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We report here a self-organized electroless deposition of copper in an ultrathin layer of CuSO, electrolyte.
Microscopically the branching rate of the copper deposits is significantly decreased, forming an array of
smooth polycrystalline filaments. Compared with a conventional electrodeposition system, no macroscopic
electric field is involved and the thickness of the electrolyte layer is greatly decreased. Therefore the electroless
deposition takes place in a nearly ideal, two-dimensional diffusion-limited environment. We suggest that
restriction of the thickness of the electrolyte film is responsible for the generation of smoother branches of the
electrodeposits. Our data also show that even in a diffusion-limited scenario the aggregate morphology is not

necessarily very ramified and fractal-like.

DOI: 10.1103/PhysRevE.73.051601

I. INTRODUCTION

Pattern formation and pattern selection have been interest-
ing topics in far-from-equilibrium interfacial growth for de-
cades [1-8]. Among many systems, electrodeposition has at-
tracted much attention [9—16] because of the rich variation of
growth morphologies in the system and the simplicity of the
experimental setup. By changing experimental conditions,
the metal deposits may vary from dendrite [17-21] to dense
branching morphology [22-24], fractals [12,25-30], finger-
ing [31,32], and even network patterns [33]. It is generally
believed that macroscopically the electrodeposition process
can be described by a mass transport equation in an electric
field [34]. In some cases people tried to ignore the effects of
convection and electric migration and interpret the ramified
growth of electrodeposits with the model known as
diffusion-limited aggregation [7]. Although thin cell geom-
etry has been applied previously, the thickness of the elec-
trolyte film still reaches several tens of micrometers [35].
Clearly, buoyancy convection can indeed be weakened in a
thin cell deposition system, because the strength of convec-
tion is proportional to the quartic power of cell thickness
[36]. However, electroconvection [27,30,33,34,37-40], an
ignored ingredient in early studies of electrodeposition, re-
mains an important factor in controlling the deposit morphol-
ogy [33]. Is it possible to suppress the convective distur-
bance (including electroconvection) further in an
electrodeposition system and make it really diffusion lim-
ited? Recently, we introduced a method to eliminate convec-
tion in electrodeposition [32,41]. By using the effect of seg-
regation in solidifying an electrolyte solution at low
temperature, an ultrathin layer of concentrated electrolyte
can be generated between the ice of the electrolyte (solid)
and the glass plate when equilibrium is established. The
thickness of the ultrathin electrolyte layer depends on the
initial concentration of electrolyte and temperature, and can
be controlled to a few hundreds of nanometers. When the
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electrodeposition experiment is carried out in this ultrathin
electrolyte layer, convective noise (i.e., random disturbance
induced by convection) is expected to be suppressed signifi-
cantly, and very regular metal branches with low branching
rate are generated.

On the other hand, it has been shown in computer simu-
lations that the branches of electrodeposits tend to be much
straighter when a strong electric field is applied [42]. The
mass transport in electrodeposition depends on both the con-
centration gradient (diffusion) and the strength of the local
electric field (electromigration). It is suggested that the de-
posit morphology is determined by the competition of ion
diffusion and ion electromigration. When the role of elec-
tromigration becomes more significant, the deposit morphol-
ogy changes from a ramified, fractal-like pattern to straight
filaments [42]. Therefore, we should identify the role of the
electric field in the interfacial growth before we can draw
conclusions about the physical origin for the formation of
smooth electrodeposit branches in an ultrathin film system
[32,41]. It is interesting to pinpoint the morphology of metal
deposits in the ultrathin film system in the case without an
external electric field. To reach this goal, we designed an
electroless, ultrathin deposition system.

In this paper we report a self-organized electroless depo-
sition of copper in an ultrathin layer of CuSO, electrolyte.
The thickness of the electrolyte film is controlled by both the
initial electrolyte concentration and temperature, and may
reach just a few hundreds of nanometers. Experiments show
that microscopically the branching rate of the copper depos-
its decreases significantly, and the deposits form an array of
smooth, polycrystalline filaments. In this nearly ideal
diffusion-limited system, we suggest that restriction of the
thickness of electrolyte film is responsible for the suppres-
sion of the branching rate of the copper deposit. The rami-
fied, fractal-like pattern seems not necessarily to be a char-
acteristic feature of diffusion-limited aggregation.

II. EXPERIMENTAL SETUP AND RESULTS

The cell for electroless deposition consists of two cleaned
glass plates, separated 100 wm by spacers, and a slice of zinc
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FIG. 1. (a) The kernel part of the setup for electroless deposition
of copper. (1) Peltier element used for solidifying the electrolyte
and control temperature; (2) bottom glass plate of the deposition
cell; (3) top glass plate of the deposition cell; (4) ultrathin electro-
lyte layer trapped between the ice of electrolyte and the glass sub-
strate due to the segregation effect; (5) ice of electrolyte; (6) zinc
(or copper) foil slice. (b) Thickness of the ultrathin electrolyte layer
as a function of temperature. The initial concentration of the elec-
trolyte before solidification is 0.05M.

metal foil (99.9%, Goodfellow). The electrolyte solution was
prepared using analytical reagent CuSO,, and deionized, ul-
trapure water (electric resistivity 18.2 M{) cm). The concen-
tration of the prepared solution is 0.05M. A thermostat and a
Peltier element are used to decrease the temperature of the
cell and to solidify the electrolyte. Details of the temperature
control in this experiment are the same as reported before
[41], and the kernel part of the experimental setup is shown
in Fig. 1(a). During solidification, CuSO, is partially ex-
pelled from the ice of the electrolyte due to the segregation
effect [36,43-46]. This process continues until equilibrium is
reached. Meanwhile an ultrathin layer of concentrated
CuSO, electrolyte is trapped between the ice of the electro-
lyte and the glass plate of the cell, where electroless deposi-
tion will be carried out.

We expect that the electrolyte concentration in the trapped
layer is the saturated concentration at the specific tempera-
ture. This is because once the concentration becomes higher
than the saturation concentration at that temperature, super-
saturation for crystallization is established, and salt crystals
(CuSOy in our case) are nucleated and grow, until the equi-
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librium saturated concentration is reached. To determine the
thickness of the trapped ultrathin layer of electrolyte, we first
measure the electric conductivity of the saturated electrolyte
solution of CuSOy at each different temperature. Thereafter,
the electrolyte solution (0.05M) is solidified in the cell at a
certain temperature. (For the purpose of determining the
thickness of the trapped electrolyte layer, we do not use zinc
foil in the cell. Instead, two parallel slices of copper foils
with thickness of 0.1 mm are used as spacers.) We then mea-
sure the electric resistance across the cell between the copper
foils. Since the width of the cell and the separation of the
copper foils are fixed, and the electric conductivity of the
saturated electrolyte is determined in advance, from the mea-
sured electric resistance we can easily get the thickness of
the electrolyte film. The thickness of the trapped electrolyte
film as a function of temperature is plotted in Fig. 1(b). This
result depends on the initial concentration of the electrolyte.
We should point out that the thickness of the trapped ultra-
thin layer is obtained under the assumption that the electro-
lyte film is homogeneous in thickness over the whole cell.

To investigate the morphology of the copper deposit with-
out an external electric field, a zinc foil is used to replace one
of the copper spacers. As soon as the zinc foil contacts the
electrolyte, a replacement reaction takes place, and aggre-
gates of copper crystallites are formed. The copper aggregate
branches initiate from the zinc foil and invade the aqueous
electrolyte film. Since no external electric voltage or current
is applied, there should be no macroscopic electric migration
in the system. The deposition process is observed in situ with
a research optical microscope (Leitz Orthoplan-pol). The de-
tail morphology and the structure of the copper deposit are
further analyzed by a field-emission scanning electron micro-
scope (LEO 1530VP) and a transmission electron micro-
scope (Philips TECNAI F20).

In the beginning of the experiment, solidification of the
electrolyte has not yet completed, and the electrolyte solution
film is thick. Meanwhile, the deposit branches are ramified,
and the surface of the deposit is very rough, as illustrated in
the upper left part of Fig. 2. As the temperature drops, the
thickness of the electrolyte film becomes thinner quickly.
The rapid decrease of temperature is realized by adjusting
the voltage applied on the Peltier element. Once the deposi-
tion takes place in the ultrathin electrolyte film trapped be-
tween the ice and the glass plate, the deposit morphology
changes significantly. As illustrated in the lower right part of
Fig. 2, unlike the very rough, coral-like branches, here the
deposit becomes nearly two dimensional. Yet the tip-splitting
rate remains high. In the following process, if temperature is
not further decreased, the deposit will keep this fractal-like
morphology. If, however, the temperature is decreased fur-
ther, the density and the branching rate of the deposit will be
changed accordingly. Figure 3 shows the deposit morphology
at the region where temperature is abruptly decreased. In the
upper left part of Fig. 3(a), the interbranch separation is
larger than that shown in the lower right part. The detailed
morphology of the transition region is shown in Fig. 3(b),
and the difference of the two morphologies is clear. The de-
posit morphology developed at different temperatures is in-
vestigated. Figure 4(a) shows the copper branches achieved
at —0.14 °C, where the branches are very ramified and
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FIG. 2. (Color online) The deposit morphology of copper in the
early stage of solidification of the electrolyte solution when the
thickness of the electrolyte varies with time. The upper left part
shows the deposit when the electrolyte solution film remains thick.
Here the deposit branches are ramified and coral-like. As tempera-
ture drops, the electrolyte starts to solidify, and the aqueous layer
trapped between the ice of the electrolyte and the glass plate be-
comes thinner and thinner. The lower right part shows the deposit
branches developing in the trapped electrolyte film, where the cop-
per deposits stick on the substrate surface. Yet at this stage the
tip-splitting rate remains high. The scale bar represents 9 um.

fractal-like. Figures 4(b) and 4(c) show the copper branches
achieved at —2 and —8 °C, respectively. In Fig. 4(c) the de-
posit branches are much more space filling, forming a more
compact fingering pattern instead of the dense branching
morphology illustrated in Fig. 4(b). The branching rate of the

FIG. 3. (Color online) The deposit morphology of copper taken
at the place where temperature (hence the thickness of the electro-
lyte) is changed abruptly. The density of the branch and branching
rate of the deposits vary accordingly. The contrast of the branches
in these two parts [as shown clearly in (b)] implies that the thick-
ness of the copper deposit also changes. The branches with brighter
contrast [upper left part of (b)] are thicker. The bar represents
20 wm in (a) and 6 um in (b).
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FIG. 4. (Color online) The deposit morphology of copper ob-
tained at different temperatures. (a) shows the branches obtained at
—0.14 °C, which remain fractal-like; (b) shows the deposit branches
obtained at —2 °C, and (c) shows the deposit branches obtained at
—8 °C. The scale bar in all these pictures represents 5 pum.

deposits becomes much lower in Fig. 4(c) compared with
that shown in Figs. 4(a) and 4(b). The screening effect is
clear in Fig. 4, indicating that the diffusion field still plays a
role. The structure of the copper deposit branches is deter-
mined with transmission electron microscopy (TEM) by
carefully transferring the copper branches from the glass sub-
strate to the TEM sample holder. The electron micrograph
and the corresponding diffraction pattern are shown in Fig. 5.
It is clear that the copper deposit is polycrystalline, and the
size of the copper crystallites is of the order of 10 nm.

II1. DISCUSSION

The copper branches generated in this experimental sys-
tem are unique for two reasons. One is that we create an
ultrathin electroless deposition system, where convection is
expected to be significantly suppressed. It is generally ac-
cepted that the formation of ramified fractal-like branches is
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FIG. 5. (Color online) TEM pictures of the copper deposits. (a)
shows the diffraction contrast image of a deposit branch. (b) shows
the electron diffraction of the branch. It is clear that the deposit
branch is polycrystalline. The bar represents 200 nm.

the characteristic feature of a diffusion-limited system when
the role of surface tension is not significant [12,25-30]. As
illustrated in Fig. 1, by solidifying the electrolyte, the typical
thickness of the trapped electrolyte layer is a few hundreds of
nanometers. In particular, by decreasing temperature by
about 8 °C, the thickness of the electrolyte layer can be de-
creased by nearly ten times. We expect that both buoyancy
convection [20,37,47] and electroconvection
[27,30,33,34,37-40] are greatly reduced in such an ultrathin
electrolyte layer, whereas convective disturbance is usually
believed to contribute to tip splitting and formation of dense
branching morphology. The second reason is that there is no
external macroscopic electric field applied to our system, and
the mass transfer is mostly contributed by diffusion, i.e., this
growth system is exactly diffusion limited. According to our
previous experiments of electrodeposition with CuSO, solu-
tion [41], changing the temperature from 30 to =5 °C (su-
percooling the electrolyte) or changing concentration from
0.008M to 0.8M does not significantly change the micro-
scopic morphology of the deposit. We therefore suggest that
the generation of smoother deposit branches and suppression
of the tip-splitting rate should be caused by the decrease of
the thickness of the electrolyte film. Physically this might
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imply that the reduction of convective disturbance in our
ultrathin deposition system is responsible for the generation
of a less random, more ordered morphology.

As indicated in Fig. 4(c), it is interesting to notice that in
this noise-reduced diffusion-limited system, the deposit
branches tend to be space filling. One may also find that
some filaments have a nearly parabolic tip, and some tips can
be stabilized for a distance as long as more than ten times the
width of the filament. This is an interesting feature since the
deposit branches are polycrystalline, and the crystallographic
orientation of each crystallite is random [see the diffraction
pattern in Fig. 5(b)]. In directional solidification (crystalliza-
tion), the solid can be single crystalline and stable parabolic
tips of the needlelike crystals are often observed when the
supercooling has been sufficiently large [48]. According to
the principle of microsolubility [6,49,50], when anisotropy
exists in surface tension, the needle tip will remain the cold-
est point at an appropriate temperature field and will be sta-
bilized against external disturbance. For the case of solidifi-
cation of a single crystal from the melt, both interfacial
tension and anisotropy in the interfacial tension are well de-
fined. For the replacement reaction shown in this paper, how-
ever, the deposition is essentially an aggregation process of
nanocrystallites. For such a granular material, it seems diffi-
cult to define an interfacial tension. At least, anisotropy of
interfacial tension, due to the polycrystalline feature of the
deposit, should vanish. Therefore it is interesting to note that
some stable parabolic tips are still observable. One possible
explanation is that there might be an effective surface tension
in aggregating nanocrystallites, which prevents random tip
splitting as usually seen in diffusion-limited aggregation.

For ramified growth where nucleation plays an important
role, we once proposed a model known as ‘“nucleation-
limited aggregation,” in which nucleation, instead of diffu-
sion, controls the interfacial growth [51]. A similar idea was
proposed by Fleury et al. in electrochemical deposition [12].
Once a crystallite is nucleated on the interface of the aggre-
gate, the local concentration field is disturbed. Such a distur-
bance may act as a source to stimulate nucleation of the next
generation of crystallites. Via such an avalanchelike nucle-
ation process the metallic deposit is generated. For a thick
electrolyte film, the impact of sudden nucleation of the cop-
per nanocrystallite may stimulate further nucleation in an
essentially three-dimensional space. Therefore a ramified
metal “coral” like that shown in the upper left part of Fig. 2
is formed. When the thickness of the electrolyte solution is
greatly reduced, the impact region of nucleation of the nano-
crystallites is limited to the immediate neighborhood of the
tip in two dimensions. An especially interesting scenario is
that the density of the deposit branches is high. Due to the
competition for nutrient supply in the diffusion field, adja-
cent deposit filaments will evidently confine each other when
their separation is less than the thickness of the concentration
boundary layer, bearing in mind that tip splitting occurs
when the off-axis nucleation rate becomes as important as
that along the axis of the filament. Yet in the case that the
growing tips of the filaments are close to each other, the
off-axis nucleation is restricted by the adjacent filament.
Therefore, confinement of the neighboring branches, which
is essentially a diffusion-limited effect, decreases the prob-
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ability of tip splitting. In other words, the confinement of the
adjacent filaments prohibits frequent nucleation in a direction
not along the already existing deposit filaments, and eventu-
ally a two-dimensional array with low tip-splitting rate is
formed. Such a process, although it takes place in a diffusion
field, is different from conventional diffusion-limited aggre-
gation [7] because interaction between neighboring tips
(competition for nutrient supply) becomes very important in
the interfacial kinetics.

To summarize, we report here a self-organized electroless
deposition of copper in an ultrathin layer of CuSO, electro-
lyte. Microscopically the branching rate of the copper de-
posit is significantly decreased, forming an array of smooth,
yet polycrystalline, copper filaments. Compared with con-
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ventional electrodeposition, no macroscopic electric field is
applied and the thickness of the aqueous electrolyte layer is
greatly reduced. This nearly ideal diffusion-controlled sys-
tem and the growth behavior therein provide interesting in-
formation to understand pattern formation.
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