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The growth mode and structure of gold overlayers resulting from the electroreduction of thick
oxide films are studied using potentiodynamic and potentiostatic techniques combined with
ex-sitt STM and SEM. Electroreduction of the thick gold oxide at low overpotentials, that is
slowly grown gold overlayers, results in a close-packed array of grains exhibiting a low roughness
factor. Grains in the order of 100 nm of radii are formed by aggregation of small monomers. At
higher overpotentials, fast grown gold overlayers, we suggest that the monomer growth results in a
columnar structure terminated on rounded domes with radii ranging between 10 and 20 nm. This
overlayer exhibits a roughness factor which increases according to electrodeposit height. The
columnar structure is unstable decreasing its surface free energy by coalescence of small columns
to form large units leading to a drastic decrease in the surface area with ageing time. A mechanism
for the growth mode is proposed where the crystallite size depends on the diffusion length of the
electrodepositing particles which is controlled by the applied overpotential.

1. Introduction

The active surface area and electrochemical properties of metal overlayers
like platinum, gold, silver etc, produced by electroreducing thick oxides layers
which were accumulated by applying relatively fast periodic potentials in acid
electrolytes, can be easily modified by using different electroreduction condi-
tions, i.e. a potential sweep at a certain scan rate or a constant potential step
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[1-4]). In the case of gold overlayers it was established that the surface
roughness increases markedly according to the rate of the oxide to metal phase
change. Recently, the growth modes of gold overlayers were simulated by
means of the Monte Carlo method [5]. Smooth and rough metal overlayers can
be obtained depending on whether the oxide layer electroreduction is con-
trolled by the metal ion attachment itself or by the transport of metal ions in
the metal oxide layer. Accordingly, the grain size of the metal overlayer should
depend on the diffusion path of the electrodepositing particles as proposed for
metallic growth from the vapor phase [6].

Although an important amount of work on this field has been done by
using macroscopic techniques like voltammetry, it is necessary to measure the
microscopic structure in order to gain insight on the physicochemical processes
which are behind the observed results.

It should be noticed that electrochemical measurements give indirect infor-
mation about the properties of the resulting structures such as preferred
orientation and roughness. The latter reflects mainly average geometric param-
eters of crystallites i.e. mean radius and height which must be measured
directly by microscopy. In many case the particle size lies in the nanometer
region and novel microscopies such as STM are required to characterize the
metal structure [7-10]. However, rough surfaces are frequently heterogeneous,
so that STM results which are limited to ~1 um X 1 pm scan, fail to give
representative data of the electrode. For this type of surfaces, the combination
between STM and SEM seems to be a promising tool because it allows one to
select a characteristic region of the specimen by SEM and then study it at the
nanometer level with the STM.

Since the invention of the STM, this combination has been tried by several
groups with different success [11-13]. Recently, we have designed a combined
STM-SEM microscope [14] which has been suitable to study rough surfaces
[15].

In this paper, the combined STM-SEM microscope is used to study the
structure of gold overlayers resulting from the electroreduction of thick oxides
and their time evolution in aqueous acid electrolytes. A close correlation
between the two microscopies is found in the submicrometer scale whereas
STM provides a detailed picture of the electrodeposits in the nanometer range
which is not accessible to SEM. This information is relevant to interpret
electrochemical data about structure, growth mode and stability of the elec-
trodeposits. A model for the growth of these overlayers is also presented in
analogy with the growth of metal from the vapor [6].

2. Experimental

The electrochemical system included a polycrystalline gold wire working
electrode, a large gold counter electrode, a mercury/ mercureous sulphate
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reference electrode and a solution of 0.5M H,SO, placed in a three compart-
ment glass cell. The potential values are referred to the standard hydrogen
electrode (SHE). The thick oxide layer electroformation was made by using
the well known repetitive square wave perturbing potential (RSWPP) method
described in the literature [16] or by anodizing the gold electrode at a constant
potential, E, (E, =2.44 V) during a certain time 7,. The RSWPP was applied
at a frequency of 4 kHz, the lower and the upper potentials being fixed at 0.6
and 3.1 V respectively. The gold overlayer was obtained from the potentio-
static electroreduction of the thick gold oxide layer [3]. Immediately there
after, the evaluation of the electrode roughness was made by using the
voltammetric method [9]. Then, the ex-situ SEM-STM pictures of the differ-
ent specimens were obtained.

To obtain the STM images of highly corrugated specimens, special care was
taken to select the tip. For these topographies, the macroscopic shape of the
tip is important for a good quality image as already verified [15]. In this case
the combined use of SEM and STM has been of great help in order to test
radius and tip shape.

In all cases, the measurement procedure was the same. Due to the surface
heterogeneity, the SEM was used to address the tip to a representative region
of the specimen. Then, the STM data were taken. Afterwards, the sampled
region was identified and the SEM pictures were obtained.

The STM data are presented in two different ways: (i) a three-dimensional
representation done by lateral shadowing and (ii) a contour level representa-
tion. Due to the difference in height between grains the STM contour level
representation produces a low contrast at small grains washing out those
grains smaller than the grey level step.

The SEM pictures in combination with STM are obtained at an angle of
45° between the specimen and the electron beam.

3. Results
3.1. Electrochemical data

The kinetics of the electrochemically induced phase change from the thick
gold oxide to the metal gold overlayer depends on the overpotential, 7,
defined as the difference between the reversible potential, E, of the Au/Au,0,
redox couple (E,=1.36 V SHE) [18], and the applied potential. When the
electroreduction of the thick oxide layer proceeds at a constant value of 7, the
current density—time curves exhibit a maximum, J,, (at the time 7,,) indicat-
ing that the rate controlling step involves nuclei formation followed by nuclei
growth [3,19-22] (fig. 1a). For a constant amount of thick oxide i.e. a constant
electroreduction charge density, ¢, the increase in n for 0.38 V<5 <0.60 V
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Fig. 1. (a) Current transients at constant 7 related to the electroreduction of the gold oxide layer
formed at E, =244 V and 1, =120 s, ¢=0.3 C cm™~2. (b) Log J, versus 7 plot resulting from
the potentiostatic electroreduction of oxide gold layers: (®) oxide layer accumulated by RSWPP
method (ref. [3]) ¢, = 60 s, (O) oxide layer formed at £, =244 V and ¢, =120s, T'= 298 K.

results in a progressive increase in the rate of the phase change until the rate of
this process approaches a constant value for n > 0.6 V. Thus, in the 0.38
V <5 < 0.6 V range the log J,, versus 7 plot exhibits a Tafel behaviour with a
slope close to 0.12 V /decade whereas for n > 0.6 V, Jy, becomes practically
independent of n as one should expect when the rate of the overlayer growth
becomes limited by the rate of mass transport in the oxide phase (fig. 1b).

The gold overlayers produced at the lower n values (condensed gold
overlayers), exhibit a small surface roughness factor, R (fig. 2) which can be
defined as the overall active surface area per square centimeter of substrate.
The R value was measured as the ratio of the voltammetric electroreduction
charge of the O-monolayer formed on the gold overlayer to that formed on the
polycrystalline gold electrode before the thick oxide layer accumulation treat-
ment [9].

As 7 increases for 0.38 to 0.60 V and the rate of the gold overlayer
electroformation becomes larger, R increases markedly to reach a value which
depends on the initial amount of oxide. In this range of 7, the log R versus g
plot gives also a straight line with a slope close to 0.24 V /decade (fig. 2).
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Fig. 2. Log R versus 7 plots. (@) Resulting from the potentiostatic electroreduction of a gold
oxide layer formed through the RSWPP method for 7, = 60 s (ref. [3]), (©) oxide layer formed at
E,=244Vand r,=120s, T =298 K.

Finally for > 0.6 V that is for fastest grown overlayers (activated gold
overlayers) R remains practically constant.

It should be noticed that the RSWPP procedure to form the oxide gold
layer yields large R values than the potentiostatic method (fig. 2).

At a constant 7, for 7 > 0.60 V, R increases linearly with increasing g, that
is the amount of oxide accumulated on the electrode, the slope of the straight
line being independent of 7 in the 0.60-0.92 V 75 range (fig. 3). Conversely for
small values of 7, R becomes close to 2 and is independent of g.
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Fig. 3. R versus ¢ plots for different 5 values.
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Fig. 4. Voltammograms at 0.1 V /s between E;, =1.65 V and E;, = 0.05 V in 0.5M H,S50, at 298
K for (a) polycrystalline untreated gold electrode, (b) gold overlayer resulting at n = 0.376 V, (¢)
gold overlayer produced at n=0.92 V, voltammetry made immediately after the gold oxide
electroreduction process was finished, (d) gold overlayer made at 4= 0.92 V, voltammogram run
after the gold overlayer was aged during 10% s under open circuit in 0.5M H,SO, at 7 =325 K.

The activated overlayers exhibit a decay in R with time (relaxed gold
overlayers) either in air or in 0.5M H,SO, at open circuit whereas no change
in R can be detected for the polycrystalline untreated and condensed gold
overlayers whose voltammograms remain unaltered after ageing. It can be
noticed that the large differences in the voltammogram arise from the charge
involved which is specifically due to the roughness of the electrodes and also
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Fig. 5. Experimental R versus ¢ plots at different temperatures.

from certain preferred crystallographic orientation which has been developed
for the condensed gold overlayers (figs. 4a and 4b).

The decay in R of the activated gold overlayer is faster as the temperature,
T, of the system is increased from 276 to 325 K (fig. 5). In all cases, a
progressive change in the shape of the voltammograms accompanies the decay
in R (figs. 4c and 4d). Thus, the relative contribution of the voltammetric
peaks related to the O-monolayer electroformation is drastically changed by
increasing the contribution of the current peak located more positively. After,
ageing the activated gold overlayer for 10 s, the voltammogram resembles
that reported for Au(111) in acid solutions [23,24] (fig. 4d). Finally, the
voltammogram recorded after an ageing of 6 X 10* s is similar to that
recorded for the slowly formed gold overlayer (fig. 4b).

3.2. Microscopic observations

3.2.1. Data from the activated, condensed and relaxed gold overlayers obtained by
the use of STM in combination with SEM

(1) The activated gold overlayers correspond to those obtained by electro-
reduction at high 5. The electrodeposits are characterized by a large value of R
which depends on ¢g. SEM images of these specimens reveal the presence of
small grains which are in the limit of SEM resolution for this kind of specimen
(fig. 6a). The image shows also channels of about 300 nm width. Along the
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channels it is possible to see at the structure of those grains below the surface.
These images already furnish some indication of columnar growth.

In the STM images (figs. 6b and 6¢) the grains are clearly resolved. From
fig. 6b one can obtain the size distribution plot which yields a mean value
close to 30 nm and a grain density, N, between 10" and 10! ¢cm 2. The STM
image reveals also less dense structures and big holes which are close to 300
nm across. The three-dimensional representation of the STM data allows us to
observe the fine structure of these grains (fig. 6¢). One can find that the grains
are flat with a characteristic dome structure on top as already reported [9]. It
should be noticed that some big grains are formed by two or three small units.

(2) The condensed gold overlayers have been obtained by electroreduction
of the gold oxide layer at a low n. The corresponding R value is very low
(R = 2) and independent of gq.

The SEM images show a grain structure with grain size ranging between
100 and 200 nm (fig. 7a). The STM image has been taken at the same place
(figs. 7b and 7c). A close correspondence of features on the two images is
found. In order to guide the eye a square on the SEM image has been drawn.
There is a characteristic bright spot on this region which is marked with an
arrow on the STM image. It can be noticed that the length of the main channel
(aligned in the arrow direction) seems to be smaller than in the SEM image.
This fact can be explained considering that the channel depth seen by the tip
is not constant so that the colour is not the same along it whereas it appears as
a completely dark structure in the SEM.

The STM image shows clearly the differences in grain size between the two
specimens: the activated and the condensed one. But the more important point
about the STM image is that the grains observed by SEM are formed by
groups of two, three and four monomers (50 nm size). Even more, some of
these grains aggregate together to form larger structures up to 1 um size. This
coalescence process is the most important feature of the specimen. From fig.
7b, the monomer density is close to 10'® cm ™2 The three-dimensional repre-
sentation (fig. 7c) shows a smoother surface with more linked grains than that
observed for the activated specimen. The aggregation process is not visible in
the SEM image. This is probably due to the lack of SEM vertical resolution
and /or to the so-called shadow contrast which would only produce brightness
on the most prominent structures. A more detailed discussion of STM versus
SEM imaging will be the object of a forthcoming publication [25]. Sometimes,
preferred orientations of grains on the surface of the sample are detected in
the STM image.

Fig. 6. (a) SEM micrograph of a gold overlayer made at n = 0.92 V, R = 70. On the upper part the

tip used for STM is imaged. (b) Countour level plot. The grey-tone scale range is 3.36 nm/level.

Image of 1.1 pmx0.82 um area. (¢) 3D processed image of the same data as in (b). Tunnel
current: 1 nA, tunnel voltage: 0.86 V (tip +).
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(3) The relaxed gold overlayers have been initially produced as the activated
specimens and afterwards they have been left at open circuit in 0.5M H,SO,
at 325 K. For one specimen ageing during 6 X 104 s, a decrease in R from 70
to 10 has been observed.

The corresponding SEM images (fig. 8a) show the brain-like aspect which
has been reported previously as characteristic of the gold overlayers resulting
from the activation process [9]. In fact the more characteristic features are the
voids and not the grains. One should point out that this brain-like aspect
appears even for relatively small R values. It is clear that this topographic
structure is not responsible for the large values of R.

The relaxed specimen provides also the best opportunity to make a correla-
tion between SEM and STM data as the present instrumentation used
throughout this work allows one to image each specimen simultaneously at the
two levels. Figs. 8a and 8b show an example of this correlation. Here the
correlation can be made by using the voids present on the surface because the
grains are poorly resolved in the SEM micrograph. Every big void appearing in
both images can be identified. From the big voids, the small ones which
appear with a minor contrast in the STM contour level image are also
identified. As was already done for the condensed sample a square in the SEM
image was drawn in order to show the borders of the region scanned by the
STM. The better resolution of STM can be detected by the sharpness of the
channel walls.

Looking now at the STM image, it shows a distribution of grains with size
very similar to that found for the condensed specimen (fig. 8b). An aggrega-
tion process of monomers forming structures of 200 nm in size can also be
observed. The shape of the individual grains is different, as for the relaxed
specimens they appear as terminated on a hemispherical dome (fig. 8c)
whereas for the condensed specimen they appear flat (fig. 7c).

3.2.2. Independent SEM observations

The structure of the activated gold overlayer which was obtained from a
cross section of the electrode shows a clear contrast between the overlayer and
the substrate. For ¢ =1.2 C cm™?, the electrodeposit height, 4, is close to 800
nm. In addition the structure of the overlayer seems to be consistent with the
presence of columns as already mentioned.

Furthermore the SEM image of the gold oxide layer itself contains grains of
10 pm size which indicates that none of the structure reported before like

Fig. 7. (a) SEM micrograph of a gold overlayer obtained at = 0.376 V, R = 2. (b) Contour level

plots. The grey-tone scale range is 6.36 nm/level. Image of 0.94 umx0.93 pm area. (c) 3 D

processed image of the same data as in (b). Fig. 7b is taken on the region marked with a white

square in fig. 7a. The main channel in the same image aligned with the arrow shows the brightest
spot on both images. Tunnel current: 3 nA, tunnel voltage: 0.12 V (tip +).
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channels can be related to the oxide layer. Attempts to obtain tunneling
between the tip and the oxide or between the tip and a partially reduced
sample (1,/3) gave negative results indicating that the gold overlayer starts to
grow from the metal /oxide interface outwards. It should be noticed that the

rslls.l

X:11584

Fig. 8. (a) SEM micrograph of a gold overlayer formed at n = 0.92 V after ageing during 6 X 104 s
in 0.5M H,SO, at open circuit (R =10). T = 325 K. (b) Contour level plot corresponding to the
square region in (a). The grey-tone scale range is 10.1 nm/level. Image of 0.84 pmx0.90 pm area.
(c) 3D processed image of the same data as in (b). The better resolution of STM data can be
noticed from the sharp profile of void walls. Tunnel current: 3 nA, tunnel voltage: 0.54 V (tip +).
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Fig. 8. Continued.

oxide acts as a too poor conductor to allow electron tunneling under the
present conditions.

4. Discussion

A model for the structure and growth mode of metal overlayers obtained
from the electroreduction of thick oxides must be consistent with direct
STM-SEM observations and electrochemical data. The relevant experimental
information may be summarized as follows:

Electrochemical kinetics data indicate that the electroreduction process is
controlled by nuclei formation followed by growth.

Nuclei are formed at the metal /oxide interface because no tunneling
current between the tip and a partially reduced specimen is detected.

STM observation shows that monomer size and density do not change
appreciably when 7 is increased. It implies that an instantaneous nucleation
operates at the early stage of the electroreduction process.

The combined STM-SEM data reveal that 3 influences markedly the
growth process. At low 7, monomers aggregate forming large units and the
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structure can be described by an array of hemispherical crystallites. On the
other hand at the high 5 values monomers grow mainly as isolated islands and
the microscopic observation suggests a columnar structure. Other structures,
however, may be compatible with the observed R values i.e. the sticking
sphere model.

In the next, and at the light of the experimental information, we develop
with greater detail two particular points.

4.1. The relationship between R and the proposed structure

According to definition, R is given by
R=sN+s'N’, (1)

where s is the average area of a 3D grain, N is the grain density (cm ™ ?), s is
the area of noncovered units of the substrate (voids between grains) and N’ is
the void density (cm™?%). For a 3D electrodeposit formed by a rectangular
array of columns of average height, #’, and average radii r terminated with a
hemispherical dome of the same radius, of C,, symmetry, one obtains

s=2mrh’ + 2mr?, (2)
N=1/4r2, (3)
s'=(4—m)r?, (4)
N=N’ (5)
Introducing egs. (2)—(5) into eq. (1), we obtain:

R=(a/.2rYy(h +r)—a/4+1, (6)
the total average height of electrodeposit, #, is given by:

h=h'+3r, (7
where }r is the average height of the hemispherical top dome. Thus,
R=(w/2)(h/r)—(7/12) + 1. (8)
For h>r

R=(m/2)(h/r). (9)

Expression (6) includes the particular case where the development of a
rectangular array of hemispherical grains takes place. In this case, " =0 and,
therefore

R=n/2—-7/4+1=138. (10)

We can also obtain an other expression for R by assuming that grains are
spheres of radius r packed in the same way as in the fcc crystal structure.
Then for 4 > r one obtains

R=(a/VZ)(h/r). (1)
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Eq. (11) gives for the same value of r a value of R larger than that coming out
from expression (9).

Thus, egs. (9), (10) and (11) can be used to investigate the structure of the
metal overlayer, provided that the values of 4 or r are known.

The h values corresponding to the gold overlayers can be estimated from
electrochemical data. The electroreduction of the gold oxide layer to form the
gold overlayer can be represented by the following equation:

Au,0; + 6H* + 6e~ - 2Au + 3H,0. (12)

Both the thickness of the oxide, 4_,, and, the thickness of the metal overlayer,
h, can be estimated from the equation:

h=Mq/zFp, (13)

where M and p are the molecular weight and the density of the electrodeposit.
Thus for Au,0; electrodeposit by taking M =442 g/mol, z=6, p=11 g/cc
[26] and g=12 C cm™?%, h,, becomes 8.2 X 10™° cm. Similarly, for Au
electrodeposit from eq. (13) and taking M =197 g/mol, z=3, p=19g/cc, h
becomes close to 4.3 X 10~ > cm. These results indicate that if the phase change
proceeds to form a condensed overlayer, 4 =h_ /2. Conversely when the
phase change proceeds at a constant apparent volume (the oxide volume)
h = h_,, and, then a low density overlayer is formed. This last condition, seems
to be approached for the activated gold overlayer, which exhibits a large
number of voids and channels (fig. 6). Thus, SEM data of the activated
overlayer cross section reveal that 4 is close to the A, value calculated with
€q. (13). Simple volume consideration indicates that for the close-packed array
of grains, h =0.66A,. It implies that egs. (9) and (11) must be modified in
order that the h = h_ condition is fulfilled. Thus, a factor 2/3 should be
introduced into eq. (9) to obtain

R={(m/3)(h/r) (14)
for the columnar structure, and
R=(2m/3V2)(h/r) (15)

for the spheres model. The 2/3 factor accounts for the voids and channels
present in the structure.
Introducing eq. (13) into eqs. (14) and (15) one obtains

R=(n/3)(kq/r) (16)
and
R=(27/3V2)(kq/r) 17)

for the columnar and spheres models, respectively. In eqs. (16) and (17)
k= M/zFp. It is clear from fig. 3 that the R versus g plot gives a straight line
at high 5, whereas R =2 and independent of ¢ at low 7y values. Thus, the
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structure of the slowly grown metal overlayer can be satisfactorily described
by a close-packed array of hemispherical grains, as for this model R =1.8 (eq.
(10)) in excellent agreement with the experimental data. On the other hand,
the columnar and sphere models can be applied to the fast grown overlayers.
The slope of the R versus ¢ linear plot yields r=12.3 nm for eq. (16) and
r=17.4 nm for eq. (17). Both values are in reasonable agreement with the
average grain size resulting from the STM images considering that the real size
should be slightly smaller due to the broadening produced by tip shape. The
SEM and STM data favour the columnar structure as the most adequate one
to describe the metal overlayer. Besides, for the sphere model it would expect
an instantaneous and homogeneous nucleation in the metal oxide phase
adjacent to the metal phase. This fact appears to be rather improbable because
the thick layer acts as a poor conductor for electron tunneling. Otherwise, if
nucleation would occur in the whole oxide volume the current transient
parameters, Jy, and 7, would increase as the oxide layer becomes thicker due
to the larger number of sites available for nucleation. This is opposite to the
experimental facts, where, both J,; and 7\, remain practically constant as h
increases.

4.2. The development of a growth model for the columnar structure

The mechanism involved in the electroformation of this structure should be
interpreted by using the model for columns grown during metal deposition
from the vapor phase [6]. In this model, the most probable column diameter,
2r, is related to the mean surface diffusion distance, x, of a single depositing
particle before its attachment to the growing surface. Thus

2r=2mx (18)
and by introducing eq. (18) into eq. (14) one obtains
R=(h/3x). (19)

On the other hand, x is related to the residence time of the particle on the
growing surface before its attachment [6] by the relationship

x*=2Dt, (20)
where 7 is related to the sticking frequency, A(7) by

A=1/1. (21)
Thus, from egs. (20) and (21) eq. (19) transforms into

R=hy4 /3/2D . (22)

A can be obtained from the columnar growth rate, dh/d¢, through the
expression in ref. [6]:

p 0h/dt = Ac, (23)
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Fig. 9. R versus 5 plot. (0) Experimental data, (®) calculated data from eq. (26) and D = 7x 10~ 12
em? s, (O0) calculated r versus n plot, (W) average radius observed by STM—-SEM.

where ¢ is the surface concentration of mobile species per square centimeter.
For an electrochemical system the maximum columnar growth rate is

dh/9t=(M/p)(Ju/2F), (24)
so that
A=MJ/zFc. (25)

By introducing eq. (25) into eq. (22), R becomes

R=(h/3V2)/MJy/zFcD . (26)

From eq. (26), by using the J,; values derived from the transients, (fig. 1),
h=23%10"% cm (eq. (13)) D=7x10""2 cm® s7! and ¢=73x10"" g
cm ™2, the latter estimated from the oxide density, the shape of the R versus 7
plot can be reproduced (fig. 9). Eq. (26) implies that the slope of the log R
versus 7 is twice that of the log J,, versus 7, a fact which has been
experimentally verified (figs. 1b and 2).

From eqs. (18), (20), (21) and (25) and D=7 X 1072 cm? s~ ! the r values
can be calculated (fig. 9). These values of r are in good agreement with those
observed by STM-SEM.

The physical picture underlying this model implies that at low 5, A is
small, so that after their arrival the metal ions can diffuse a relatively large
distance over the surface before their incorporation to growing nuclei. It
means that an electrodepositing particle can visit a large number of sites
before it is finally incorporated into the metal lattice. Thus, the voids between
monomers are filled and they coalesce to form large units which lead to a low
R value. As n and A increase, the diffusion path is reduced, so that the voids
between monomers are not totally filled. The grain size decreases and accord-
ingly R increases. Finally at the highest 5 values the rate of the interfacial
reaction becomes sufficiently large so that the sites at the oxide layer adjacent
to the growing metal surface become depleted of metal ions. The kinetics of
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the growth process approaches a transport control due to metal ions moving
from the oxide phase to the metal overlayer. During the transport controlled
electrodeposition, the arriving particles can diffuse only a very small distance
on the metal surface before sticking. Thus, unoccupied sites become shadowed
so that voids are trapped into the structure leading to a low density material.
In this condition the coalescence process is not determinant and the structure
exhibits the largest R values. Monte Carlo simulation of surfaces growing
under random diffusion and a sticking probability depending on 7, gives the
same results [5].

The self-shadowing and voids formation occur when the rate of diffusion of
metal atoms to the shadowed regions is smaller than the rate of void incorpo-
ration via growth [27]. After completion of the phase change, the low density
structure appears unstable. The decrease of R with time is clearly connected
with the decrease of the electrodeposit surface in order to achieve the lowest
surface free energy [28].

The particle coalescence mechanism involved in this process [28] is con-
trolled by surface diffusion of adatoms from higher to lower chemical poten-
tial i.e. from the small to the large particles. Accordingly large particles are
formed by coalescence of small ones. Thus, the measurement of the time
dependence of R should be a simple and accurate method for measuring
surface diffusion coefficients in electrochemical systems of particular interest
for metal electrocrystallization and corrosion. This matter will be discussed in
a forthcoming publication [29].
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