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Kinetic roughening during electrodeposition was studied by grazing incidence small angle x-ray
scattering for the case of Au(001) homoepitaxial growth in Cl− containing electrolytes. The formation and
coarsening of an isotropic mound distribution on unreconstructed Au(001) and of [110]-oriented
anisotropic mounds on the “hex” reconstructed surface was observed. The lateral mound coarsening is
described by a well-defined scaling law. On unreconstructed Au a transition in the coarsening exponent
from ≈1=4 to ≈1=3with increasing potential is found, which can be explained by the pronounced potential
dependence of surface transport processes in an electrochemical environment.
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The evolution of the deposit morphology during electro-
chemical growth is a subject of great fundamental interest
as well as of central importance for many applications,
ranging from plating processes in the microelectronics
industry to electrode reactions in batteries. Quantitative
studies of the structural evolution of electrodeposits are still
scarce, in particular, on the meso- and nanoscale. Even
for the most simple case, homoepitaxial growth, it is still
largely unclear how the electrochemical environment
influences key properties, such as roughness and grain size.
In contrast, kinetic roughening during homoepitaxial

deposition under vacuum conditions nowadays is much
better understood. Numerous experimental and theoretical
studies have revealed a variety of different scenarios,
depending on film thickness and deposition parameters
(see [1] and references therein). In particular, mound
formation and coarsening in the multilayer growth regime
as a result of unstable crystal growth has attracted consid-
erable interest [2,3]. This growth behavior originates in
an effective uphill current, caused by the presence of an
Ehrlich-Schwoebel barrier that hinders adatom diffusion
over descending steps. The resulting temporal evolution of
the average lateral mound size obeys a power law
ξðtÞ ¼ ξ0tn. In some cases the slopes of the mounds
approach a constant value (“slope selection”), i.e., the
mounds have defined facets, while in others the slope
increases.
Prototypical examples of perpetual mound coarsening

are homoepitaxial growth processes on metal surfaces with
square symmetry, such as Cu(001) [4,5] and Ag(001) [6,7].
For these systems coarsening exponents n ≈ 1=4 or smaller
were reported in the experimental studies. Various explan-
ations for these exponents were proposed in simulations
and theoretical studies, which typically found values
between 1=4 and 1=3 for square symmetry substrates,
depending on the system parameters [8–10]. Numerical
studies either suggested that n crucially depends on the

appearance of specific topological defects (“roof tops”) [8]
or attributed the different n values to the presence of
rapid corner diffusion [9]. In contrast, a recent analytical
analysis concluded that n ¼ 1=3 for slope selection
whereas otherwise n ¼ 1=4 [10].
Up to now, kinetic roughening in an electrochemical

environment was addressed only in ex situ microscopy
growth studies of thick polycrystalline deposits [11,12].
Qualitatively, the initial stages of homoepitaxial electro-
deposition on Au(001) [13] and Cu(001) [14] in chloride-
containing electrolytes were investigated by in situ surface
x-ray diffraction (SXRD), revealing a pronounced influ-
ence of the electrode potential and coadsorbed anions on
the growth behavior. Specifically, for the Au(001) system
studied here, growth in the regime where the Au surface is
unreconstructed changes with decreasing deposition poten-
tial from step flow to first layer-by-layer (2D) and then to
3D growth. At even more negative potentials, where the
phase transition to the “hex” reconstructed Au(001) surface
occurs, a “reentrant” 2D growth is found. This potential-
dependent growth behavior can be rationalized by
electrostatic contributions to the activation energies of
the underlying surface transport processes, caused by
interactions of the strong interfacial field with the dipole
moments of surface atoms [15].
As shown below, the surface morphology of metal

electrodes under homoepitaxial deposition conditions is
highly dynamic. Consequently, kinetic roughening in the
initial stages of electrodeposition has to be studied in oper-
ando with a time resolution on the order of seconds. This
severely hampers investigations by scanning tunneling
(STM) and atomic force (AFM) microscopy. We therefore
employ in this study grazing incidence small angle x-ray
scattering (GISAXS), which is a powerful tool for elucidat-
ing the nanoscale surface structure under vacuum con-
ditions [16]. GISAXS studies of kinetic roughening in gas
phase homoepitaxial growth have up to now been limited to
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a few selected systems [7,17–19]. The presence of isotropi-
cally distributed mounds manifests in these experiments
as characteristic ring-shaped diffuse scattering. We here
present time-dependent in operando GISAXS measure-
ments for Au(001) electrodeposition in the potential regime
of 3D growth, where the lateral mound coarsening was
determined from this diffuse scattering.
The experiments were performed at the ID32 beam line

of the European Synchrotron Radiation Facility using
a photon energy of 22.5 keV and a beam size of
250 × 25 μm2. As in the previous SXRD studies [13,14]
we employed a “hanging meniscus” x-ray transmission cell
with an Ag=AgCl (3M KCl) reference electrode. As a
working electrode we used hat-shaped, polished Au(001)
single crystals (MaTecK, 99.999%, diameter 4 mm, miscut
< 0.1°, mosaic spread < 0.2°). The crystals were flame
annealed in a butane gas flame prior to the experiments. As
electrolyte 0.1 M HClþ xmM HAuCl4 (x ¼ 0.5, 1),
prepared from suprapure HCl (Merck), HAuCl4
(Chempur), and Milli-Q water (18.2 MΩ cm) was
employed, corresponding to diffusion-limited deposition
rates of 4 ML min −1 and 8 ML min −1, respectively [13].
Oxygen was removed from the electrolyte and x-ray cell by
flushing with argon (6.0). The GISAXS data were recorded
with a two-dimensional detector (Dectris Pilatus 300K–W),
placed 1.5 m behind the sample and perpendicular to the
primary beam (Fig. 1). In front of the detector a tantalum
strip (29 × 2 mm2) was mounted as a beam stop for the
primary and reflected beam. The incident beam angle αi
was kept at 0.2°, which is close to the critical angle.
In the experiments, the following procedure was

employed: The potential was stepped at t ¼ 0 s from
0.6 V, i.e., the potential regime of step flow growth, to a
more negative potential Eend in the 3D growth regime (−0.1
to 0.2 V), while the two-dimensional detector recorded the
scattered intensity with an image acquisition rate of 0.5 Hz.
At t ¼ 100 s the potential was switched back to 0.6 V,
resulting in a recovery of the initial smooth surface within
seconds. Detector frames taken during step flow growth
prior to the potential steps only exhibit scattering at low

in-plane scattering vectors (q∥ ≤ 0.01 Å−1). Those result
from residual contributions of the specularly reflected and
primary beam as well as scattering contributions from the
μm scale step arrangement caused by the sample miscut.
In contrast, detector frames taken during 3D growth exhibit
additional diffuse scattering at larger in-plane vectors q∥,
resulting from the growing, rough surface. For an easier
analysis and visualization of the scattering by the mounds,
the (time-independent) low-q intensity was removed by
subtracting the intensity distribution averaged over frames
recorded at t < 0 from the data (see Supplemental
Material [20]).
Examples of the resulting intensity maps at various times

t of a growth experiment on the unreconstructed Au(001)
surface, plotted as a function of the in-plane components qx
and qy of the scattering vector, are shown in Fig. 2(a) and
reveal pronounced intensity changes during the deposition
process (a video showing all frames of this experiment is
provided in the Supplemental Material [20]). At deposition
times t ≥ 4 s the diffusely scattered intensity is concen-
trated on a continuous ring (“Henzler ring”) with a time-
dependent radius qr indicating formation and coarsening of
isotropic mounds with characteristic lateral sizes ξ ¼ 2π=qr.
As clearly visible in the corresponding radial intensity
distribution Iðq∥Þ [Fig. 2(b)], the ring diameter decreases
and its intensity increases significantly with deposition
time, indicating that the mounds grow in lateral size ξ as
well as in height. A similar behavior was observed at other
potentials ≥ −0.05 V, where the surface is unreconstructed.

FIG. 1 (color online). Schematic illustration of the experimental
and the scattering geometry of the in situGISAXSmeasurements.

FIG. 2 (color online). (a) Intensity distribution Iðqx; qyÞ at
different stages of 3D growth on the unreconstructed Au(001)
surface at Eend ¼ 0.1 V. (b) Corresponding radial intensity
distribution Iðq∥Þ (symbols) together with fits (lines) based on
Lorentzian peak line shapes (error bars are smaller than the
symbol size). For clarity the curves are vertically shifted with
respect to each other. The inset shows the peak position qr as
a function of deposition time.
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Quantitative data on the temporal evolution of the lateral
mound size ξðtÞ indicate a well-defined coarsening process
[Fig. 3(a)]. In particular, at all potentials and both depo-
sition rates a defined power law is found for t ≥ 15 s,
demonstrating that the scaling hypothesis is also valid for
mound coarsening during electrodeposition at the solid-
liquid interface. Deviations are only observed in the initial
stages of deposition at deposit coverages up to 1 ML, where
nucleation and the formation of the initial mound distri-
bution occur. Although ξðtÞ exhibits defined scaling under
all experimental conditions, the growth behavior strongly
depends on deposition parameters. Both the prefactor ξ0 as
well as the coarsening exponent n significantly increase
with potential [Figs. 3(b),(c)], indicating larger lateral
mound sizes and faster coarsening processes for more
positive potentials. Because of this, the characteristic
mound size after 100 s deposition more than doubles over
the 300 mV wide potential window of 3D growth. In
contrast, the deposition rate did not significantly influence
the morphological evolution. However, the Au ion con-
centration and thus the (diffusion-limited) deposition
rate of the employed electrolytes in the experiments only
varied by a factor of 2 and, hence, may be negligible in
comparison to the potential effects (see below).
The increase in mound size with increasing potential

[Fig. 3(b)] can be easily rationalized by the well-known
potential dependence of the Au surface mobility. Already,
in early in situ STM studies of Au(001) in Au-free
solutions, a significant increase of the decay of monolayer
islands towards more positive potentials was reported,
especially in Cl− containing electrolytes [21]. Quantita-
tive STM investigations of this process suggested an
exponential increase of the island decay rate with potential
and concluded that the sum of adatom formation energy
and diffusion barrier decreased by 0.42 eV=V [15].
Because of this effect, the nucleation density in the initial
stages of 3D island formation should decrease with

potential. Furthermore, faster surface mass transport should
qualitatively enhance the island coarsening and thus lead to
larger coarsening exponents n, as indeed is observed in our
experiments.
A more detailed inspection of the potential-dependent

coarsening behavior reveals a crossover from n ≈ 1=4 for
Eend ≤ −0.05 V to n ≈ 1=3 at Eend ≥ 0.15 V [Fig. 3(c)].
According to previous numerical and analytic studies, these
two exponents seem to describe limiting cases in mound
coarsening of square systems [1–3,8–10]. For comparison
of those studies with our results we have to consider that
according to the STM observations [15,21] adatoms can
easily detach from the island edges, corresponding to
reversible island formation. In addition, previous qualita-
tive SXRD studies of electrochemical Au(001) growth
indicate the presence of a significant (potential-dependent)
Ehrlich-Schwoebel barrier in the 3D growth regime [13].
Under these conditions Amar reported exponents n ≈ 1=4
for a small ratio of terrace diffusion constant to flux
(5 × 103) and n ≈ 1=3 for a large ratio (105), which was
rationalized by an effective corner diffusion in the second
case [9]. This accurately describes the results obtained in
the Au(001) electrodeposition system, where the Au sur-
face diffusion strongly increases with potential (the flux is
constant in our experiments). Siegert ascribed the coars-
ening of square pyramidal mounds to the elimination of
roof-top-like defects and found an exponent of 1=4 [8].
However, n was 1=3 in the case that the coarsening was no
longer enslaved to the dynamics of roof tops, which depends
on microscopic processes, such as edge diffusion. These
results were somewhat challenged by Biagi et al. who found
the exponent to depend on the presence of slope selection
[10]. Following the latter analysis, the change in n from 1=4
to 1=3 observed in our study would indicate a crossover from
mounds without slope selection to mounds with faceted side
walls, which should be testable in future studies.
Interestingly, experimental studies of gas phase

homoepitaxial growth in very similar systems, e.g.,
Cu(001) and Ag(001), only found exponents n of (up
to) ≈1=4, but no crossover to n ¼ 1=3 [1,4–7]. However,
temperature and flux were fixed or varied over a rather
limited range in these studies. In contrast, the variation of
the growth conditions in the experiments described here is
substantial. For Au(001) in Cl-containing electrolytes the
relevant activation energies for surface transport should
change by ≈15% over the potential range employed in our
study according to Ref. [15]. On the other hand, the effect
of the potential on the surface dynamics fundamentally
differs from temperature effects, which equally affect
all elementary processes. Since the potential-dependent
electrostatic energy contributions to the free energies are
determined by the corresponding changes in the surface
dipole moment, the dynamics of different surface processes
can be influenced to a different extent. This may result in
a selective enhancement of certain microscopic processes,

FIG. 3 (color online). (a) Lateral mound size ξ as a function of
deposition time for various potentials in the 3D growth regime
(symbols) together with best fits to a power law (lines).
(b) Potential dependence of mound size ξ after t ¼ 100 s and
(c) coarsening exponent n.
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which in turn can affect the evolution of the deposit
morphology.
In addition, the electrochemical environment allows

direct investigations of the influence of the hex Au(001)
surface reconstruction on the kinetic roughening. At the
onset of the potential-induced formation of the hex phase
we observe in parallel to the isotropic scattering contribu-
tions distinct peaks at defined q∥, which are rotated by an
angle Δφ ¼ 90∘ with respect to each other around the
origin of the qx-qy plane [Figs. 4(a),(b)]. In-plane rotation
of the sample results in a corresponding rotation of these
peaks, verifying that they are caused by an anisotropy of the
deposit, leading to preferred characteristic length scales
along the [110] and [1̄10] directions. These results are in
good agreement with in situ STM studies of homoepitaxial
electrodeposition on Au(001) [22]. Although these were
obtained at much lower deposition rates (0.05 ML=min)
and in the layer-by-layer growth regime, the STM study
also found anisotropic growth with the (reconstructed)
monolayer islands oriented parallel to the hex stripes on
the reconstructed surface, whereas on the unreconstructed
surface isotropic islands were formed [22]. On the basis of
the STM observations we attribute the intensity peaks in the
GISAXS data to the shorter range correlations between
parallel running anisotropic islands in the direction
perpendicular to the islands orientation. The length scale
along the island direction is much larger, i.e., it will be
superimposed by the strong background scattering at low
q∥ and, hence, is not accessible.
The mound coarsening on the hex reconstructed surface

was determined from the radial position of the intensity

peaks and compared to that of the isotropic mounds on
unreconstructed surface areas, which was determined
from the parallel observed, ring-shaped diffuse scattering
[Fig. 4(c)]. Interestingly, ξðtÞ on the hex surface initially is
smaller than that of the unreconstructed mounds formed at
the same potential, but coarsens considerably faster in the
coverage regime > 1 ML. This increase in the exponent
can be attributed to the enhanced Au surface mobility on
the hex reconstruction, which also manifests in the cross-
over to reentrant layer-by-layer growth at even more
negative potentials [13].
In summary, our in operando GISAXS study of Au(001)

electrodeposition reveals kinetic roughening with a well-
defined, potential-dependent scaling of the mound coars-
ening. This is not only of practical importance for a better
understanding of deposit morphology evolution, which is
of considerable technological relevance, but also of interest
for basic growth physics: The possibility to tune the
potential energy surface (and thus the rates of elementary
transport processes) and even the surface structure (i.e.,
reconstruction) by the applied electrode potential is attrac-
tive for fundamental studies of kinetic roughening. As
discussed above, changes of the activation energies by a
few hundred meVare easily achievable, providing access to
a large range of the relevant deposition parameters and thus
new tests of theories and simulations in this extensive field.
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