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ABSTRACT
The application of nanosecond voltage pulses to electrodes pro-
vides three ways to conduct local electrochemistry on the micro-
to nanometer scale. (1) The finite charging time of the double-
layer capacity allows the machining of three-dimensional micro-
structures. (2) In an electrochemical scanning tunneling micro-
scope, reactions are confined to the tunneling region, due to the
depletion of the electrolyte in the tip-surface gap. (3) Ordering
processes, following very fast electrochemical reactions, lead to
unconventional island patterns on a surface.

I. Introduction
The physical properties of nanostructured materials differ
in general very much from those of the macroscopic bulk
material. Electrons confined in small semiconductor crys-
tallites exhibit discrete energy levels rather than bands,
which rendered materials consisting of such small “quan-
tum dots” to be of particular interest for the fabrication
of, e.g., electro-optic devices.1-3 Also, the catalytic activity
of metals strongly depends on their size, which reflects
the correlation between electronic structure and chemical
bonding of the adsorbates.4 However, it is not only the
particle size and shape which determine the characteris-
tics. The arrangement of the nanoparticles also influences
their properties. In quantum dot lasers, the lateral cou-
pling between the electronic states depends crucially on
a well-defined distance between the quantum dots.5,6

Therefore, one of the most important technological goals
is to tailor materials according to the desired properties.
This can be performed in two principally different ways.
First, the structures can be assembled or manufactured
part by part. The other possibility is to exploit the “self-
organization” of a system, e.g., upon ordering processes
following a phase transition or the pattern formation in
dissipative systems.7

Recently, also electrochemical methods became im-
portant in this respect because of both the well-estab-
lished chemical procedures for fabrication of nanoparti-
cles and the ease of supplying materials dissolved in an
electrolyte. For example, photoactive quantum dots of CdS
were synthesized on a graphite surface.8,9 In modern
device technology, electrochemical Cu deposition is cur-
rently applied for establishing the on-chip interconnec-
tions to overcome the technological problem of coating
structures with high aspect ratios.10

All this triggered recent efforts to combine electro-
chemical methods with nanostructuring techniques, by
which well-defined patterns are formed on a surface.
Among these new techniques is the scanning electro-
chemical microscope,11-13 in which a microelectrode is
positioned in front of a surface. Electrochemical reaction
products formed at this electrode then diffuse toward the
surface and, e.g., etch the surface locally. However, the
size of the structures is determined by the diffusion length
of the reactive species, and hence the local resolution is
rather in the range of micrometers, even with very tiny
electrodes. Direct electrochemical modification of the
surface by local oxidation or reduction has also been
achieved, mostly with fairly limited spatial resolution. This
points to a general problem which hampers the improve-
ment of the resolution in electrochemical nanostructur-
ing: Electrochemical reactions are governed by the po-
tential drop within the very thin electrochemical double
layer (DL) at the electrode surface.14 Upon application of
an external voltage, the ions in the solution redistribute
and the potential varies essentially across the DLs, whichs

in concentrated electrolytesscan be considered as plate
capacitors with very thin dielectrica of about one water
molecule thickness. The electrolyte provides an effective
shortcut between the DLs on the two electrodes. There-
fore, the local thickness of the electrolyte, i.e., the shape
of the electrodes, has only a weak influence on the
reaction rate.

To overcome this constraint, we performed experi-
ments in which we applied very short voltage pulses of
only 10 to about 1000 ns duration to a tool electrode in
the proximity to the workpiece to be structured. The
structuring was achieved in three principally different
ways. The first employed the finite time for polarizing the
DL, given by the DL capacity and the finite electrolyte
resistance. The electrolyte resistance is proportional to the
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local electrode distance, i.e., the length of the current path
through the electrolyte. Therefore, upon application of
short voltage pulses, the electrodes’ DL can only be
charged in locations where the distance between the
electrodes is small enough. With nanosecond pulses and
concentrated electrolytes, sufficient polarization and
subsequent electrochemical reactions occur only for
distances in the micrometer range. With appropriate tool
electrodes, this allows for the three-dimensional micro-
machining of essentially all electrochemically active ma-
terials.15

The second approach is based on the fact that the
charging of the DL consumes ions from the electrolyte.
Therefore, at very small electrode distances, the ion
content in the narrow electrolyte gap becomes consider-
ably depleted upon application of a voltage pulse. With
about 1 M electrolytes and polarization by 1 V, this
becomes relevant for distances of e10 nm. If one consid-
ers the electrode arrangement in an electrochemical
scanning tunneling microscope (STM) with a conventional
Ir tip and a typical tip radius of the order of 1 µm, such a
small gap evolves over a lateral width of about 100 nm.
Upon application of a short voltage pulse to the tip of an
electrochemical STM, the electrolyte in this gap is depleted
instantaneously for polarizing the DL. In contrast, the
refilling of ions from the bulk of the solution is hampered
by the relatively slow lateral diffusion along the small gap.
For nanosecond pulses, this prevents the ion redistribu-
tion in the electrolyte from equilibration and leads to
confinement of the electrochemical reactions to regions
only a few nanometers away from the apex of the STM
tip.16,17

Besides conducting local electrochemistry at the well-
defined position of the apex of a STM tip, the application
of short voltage pulses allows additional pathways for
surface modifications. Due to the small effective size of
the electrochemical cell consisting of a STM tip and the
surface in nanometer distance, the polarization of the DL
proceeds very fast. Since electrochemical reaction rates
are exponentially dependent on the potential drop in the
DL, reactions can be driven on a time scale barely
achievable with other methods. In the absence of mass
transport limitations, the deposition or dissolution rates
of materials can strongly exceed the rates of metal
evaporation in a vacuum. This offers new possibilities for
the formation of kinetically determined structures during
the equilibration of the system. In section IV, we present
data on the ordering process of a thermodynamically
unstable Au adatom gas. Half a monolayer of Au atoms
from the topmost Au(111) surface was removed within a
short pulse to the tip of an electrochemical STM. The
remaining Au adatom gas decayed into a labyrinthine
pattern of Au islands, typical for the spinodal decomposi-
tion of a two-phase system. This is completely different
from the morphologies expected upon nucleation and
growth of a new phase, which usually governs “slow”
deposition of materials, both in electrochemistry and in
vacuum deposition.

II. Electrochemical Micromachining
The three-dimensional machining of metals and semi-
conductors on micrometer and submicrometer scales is
a hitherto only partly solved problem. Lithographic meth-
ods are mainly limited to 2D structures. Other methods
such as ion beam milling and laser ablation either are
relatively slow or provide only limited resolution.18 We
employed an electrochemical technique in which the
electrochemical reactions on the electrodes are locally
confined with down to submicrometer precision.15 Upon
application of voltage pulses to two electrodes immersed
in electrolyte, the DLs on the electrode surfaces charge
with a time constant τ proportional to the double-layer
capacity C and the electrolyte resistance R (Figure 1). The
latter is given by the specific electrolyte resistance F and
the length of the current path in solution, i.e., the local
electrode separation d. Hence, τ ) RC ) FdcDL, where cDL

denotes the specific DL capacity. For an electrode ar-
rangement as sketched in Figure 1, the length of the
current path and therefore also the charging time constant
vary with the position on the workpiece. Consequently,
upon application of short voltage pulses, the peak voltage
drop in the DL also becomes dependent on the position
on the workpiece. Since the electrochemical reaction rate
is exponentially dependent on this voltage drop in the DL,
the electrochemical reactions are strongly confined to
electrode regions exhibiting significant charging, i.e.,
electrode regions in close proximity.

The above equation directly yields an estimate of the
expected machining precision. For example, with typical
values of F ) 30 Ω‚cm (0.1 M HClO4), cDL ≈ 10 µF/cm2 for
metal electrodes, and pulse durations of T ) 30 ns, the
maximum distance d, where significant charging of the
DL is achieved, is calculated to be d ≈ 1 µm. This can be
used, e.g., for the local etching of a workpiece: the
application of positive pulses of sufficient pulse height to
the workpiece, respectively negative ones to the tool
electrode, may induce the electrochemical dissolution of
the workpiece within a distance of ≈1 µm from the tool
electrode. Feeding the tool electrode similarly to the cutter
in a mechanical milling machine allows for the direct

FIGURE 1. Sketch of the electrochemical cell formed by tool and
workpiece electrode. Upon application of a voltage pulse, the DL
capacity (cDL) is charged with varying time constants, due to the
position-dependent electrolyte resistance (Rclose and Rwide) (after ref
15).
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three-dimensional machining of the workpiece. This is
demonstrated in Figure 2, depicting a Cu tongue (Figure
2a) and a small Cu prism next to the leg of an ant (Figure
2b), which were machined out of a Cu substrate, im-
mersed in an aqueous mixture of 0.1 M CuSO4 and 0.01
M HClO4. The tool was a cylindrical 10-µm-diameter Pt
wire, the front face of which was mechanically flattened.
For mechanical control of the tool-workpiece position, the
electrochemical cell was mounted onto a piezo-driven
x-y-z stage. Upon application of a 2-MHz sequence of
50-ns, -1.6-V pulses, the tool electrode was first etched
vertically into the surface. Afterward, it was fed along a
rectangular path to dissolve the groove out of the Cu sheet.
The whole procedure took a few minutes, corresponding
to about 109 pulses. To avoid large-scale corrosion of the
Cu sheet, its electrochemical potential was kept at the
Cu|Cu2+ equilibrium potential by a low-frequency poten-

tiostat that was insensitive to the short voltage pulses. The
average potential of the tool was adjusted to +200 mV vs
Cu|Cu2+ to avoid the deposition of Cu on the tool.

The method can, in principle, be applied to all elec-
trochemically active materials. We successfully structured
Co, stainless steel, and p-doped Si surfaces. While Co
behaves very similarly to Cu, both stainless steel and Si
surfaces evolve stable passivation layers upon oxidation.
These have to be removed chemically, which for the case
of Si works well with hydrofluoric acid. Also, the inverse
process of the etching, the local deposition of Cu, became
possible.

The most prominent features of the structures in Figure
2 are the sharp corners and the smooth vertical walls,
which result in a high aspect ratio. The grooves are about
14 µm wide. Considering the tool diameter of 10 µm, this
results in a distance d ) 2 µm between tool and workpiece,
above which the etching effectively ceases, in good
agreement with the above approximation. The actual
machining precision of the structures in Figure 2 is
indicated by the smooth surface of the Cu tongue, whose
roughness is in the 100 nm range, rather than by the tool-
workpiece gap. For a quantitative calculation of the
machining precision, the real local reaction rate, including
mass transport limitations in the small gap, and the
geometrical arrangements of the electrodes have to be
taken into account. In the case of copper, it turned out
that the Cu dissolution rate is limited by mass transport
in the small gap; hence, the actual pulse voltage has only
a limited influence on the machining precision. In con-
trast, for stainless steel surfaces, due to the passivating
layer, the dissolution rate is very sensitive on the applied
pulse voltage, the careful adjustment of which therefore
allows for improved spatial resolution.

However, in all cases the above approximation gives a
reasonable estimate for the spatial resolution. Further-
more, it correctly represents the correlation between pulse
length, electrolyte concentration, and machining preci-
sion: The maximum distance of the electrodes, where
significant charging occurs, is proportional to the pulse
length and the specific electrolyte resistance. Shorter
pulses and lower electrolyte concentration therefore achieve
better spatial resolution, proven for the etching of holes
in a Cu film.15 In principle, with an infinitely short pulse
length or diluted electrolytes, the spatial resolution ap-
proaches zero. This is, however, limited, if the DL capacity
cannot be charged due to a lack of ions in the small gap
between the electrodes. Upon polarization of the DL of a
typical metal (cDL ) 10 µF/cm2) by 1 V, about 0.1
monolayer (ML) of ions is consumed (a coverage of 1 ML
corresponds to one ion per substrate surface atom.).
Therefore, the concentration of the electrolyte has to be
chosen high enough to avoid significant depletion. Taking
these considerations into account, employing a 0.3 M
electrolyte together with (technically available) 100-ps
pulses should achieve a spatial machining resolution in
the 10 nm range. An even shorter pulse length, ac-
companied by an electrolyte of higher concentration,
should further improve the spatial resolution. However,

FIGURE 2. (a) Scanning electron micrograph of a Cu tongue with
a thickness of 2.5 µm, etched by a 2-MHz sequence of 50-ns, -1.6-V
pulses. The tool was a 10-µm-diameter mechanically flattened Pt
wire, immersed in 0.01 M HClO4 and 0.1 M CuSO4 (after ref 15). (b)
Cu prism etched similar to (a). For comparison, the leg of an ant is
arranged next to it.
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the depletion of the electrolyte in the small gap between
two electrodes might be employed itself to confine
electrochemical reactions on the electrode surfaces, as
shown in the next section.

III. Formation of Single Holes and Cu Clusters
on a Au(111) Surface
The above method for electrochemical machining with
ultrashort voltage pulses is based on the time and
geometry dependence of the DL charging. Its intrinsic
limit is the availability of a sufficient amount of ions in
the tool-workpiece gap to charge the DL. Even with
concentrated electrolytes of 1 M concentration, only every
50th particle is an ion of the respective kind. Therefore,
the gap width, which has to be maintained to have a
sufficient reservoir of ions for the polarization of the DL,
amounts to a few nanometers. Below that width, the
depletion of the electrolyte results in an enhanced specific
electrolyte resistance, which in the extreme suppresses the
Faradaic current, i.e., the electrochemical reactions on the
electrode surfaces. The latter ones are then restricted to
areas where the two electrodes effectively touch; i.e., the
two DLs penetrate each other, and the thickness of the
electrolyte approaches zero.

Such a geometrical electrode arrangement is given in
an electrochemical STM: The apex of the STM tip, which
is a rather macroscopic object, resides at less than 1 nm
distance from the substrate surface. Since in our experi-
ments we used mechanically ground Ir wires with a typical
tip radius of about 1 µm, the actual geometry in the
vicinity of the tip apex resembles an extended gap with a
slightly varying gap width, increasing from below 1 nm
at the tip apex to about 10 nm at a lateral distance of
several hundred nanometers. Upon application of voltage
pulses, the electrochemical reactions are expected to be
confined to the very apex of the STM tip where the
tunneling of electrons also occurs.16

For experimental verification, a flame-annealed Au film
was used as a substrate, exhibiting large (111) terraces,
separated by monatomic steps. The electrolyte was 1 M
CuSO4 and 0.5 M H2SO4. Figure 3a shows the results of
the introduction of four single 50-ns, -2-V pulses to the
STM tip. In this STM image, an arrow indicates the in situ
formation of a hole with about 5 nm diameter and a depth
between 1 and 3 monatomic layers, exactly at the tun-
neling position of the tip where the pulse was applied.
Since the slow scan direction was directed upward, only
the upper half of the hole is imaged. The three holes in
the upper part of the image were previously produced by
three single pulses. During the application of the short
voltage pulse, the feedback loop of the STM was switched
off, and a high-frequency network was switched onto the
STM tip. The application of the pulse interrupted the STM
imaging for only a few milliseconds, which is less than
1% of the time for recording a single scan line.

Due to the high electrolyte concentration and the small
tip-surface gap, the polarization of the DLs and the
consequent depletion of the electrolyte in the small gap

proceeds very fast, within the first few nanoseconds of the
pulse. Significant equilibration of the ion concentration
in the small gap is hampered by the long lateral distances
and the slow diffusion, compared with those of the
migration process. Indeed, typical diffusion constants of
about 10-5 cm2/s result in a diffusion length of 10 nm per
100 ns. The depleted solvent layer in the gap can hence
be explained as local isolation of the macroscopic tip,
which prevents Faradaic currents from flowing and there-
fore suppresses the electrochemical Au oxidation over
most of the gap region. Only at the very apex of the tip,
where the electrode distance is merely a few diameters
of a solvent molecule, this simplified picture of DLs at the
electrodes and an electrolyte between them is no longer
applicable. Here, the distance between the ions in the DLs
is of the same order of magnitude as the distance between
the electrodes, and the notion of an electrolyte resistance
is meaningless. It is expected that direct transitions of ions

FIGURE 3. (a) In situ formation of a single hole on Au(111) by a
50-ns, -2-V pulse in 1 M CuSO4 and 0.5 M H2SO4. The hole is formed
at the location of the tip during the application of the pulse (black
arrow). The slow scan direction points upward. The three holes in
the upper part of the image were previously produced (tunneling
voltage, UT ) -300 mV; tunneling current, IT ) 1 nA). (b) Three
single Cu clusters on Au(111) formed by three 50-ns, 3-V pulses to
the STM tip in 1 M CuSO4 and 0.5 M H2SO4 (UT ) 230 mV, IT ) 1
nA) (after ref 16).
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from one electrode to the counter electrode and vice versa
become possible in the local electric field. Only at this
location does the electrochemical reaction proceed, and,
e.g., the Au surface is locally dissolved.

To check the influence of the electrolyte on the local
confinement of the reaction, we conducted experiments
in various electrolytes such as H2SO4, HCl, KCl, NaSO4,
CuSO4, and some of their mixtures. It turned out that the
most important prerequisite for the local surface modi-
fication was the use of highly concentrated electrolytes.
In pure water, hole formation was impossible with ultra-
short voltage pulses, which rules out a purely field-induced
surface modification due to the high field strength at the
tip apex and further supports the electrochemical nature
of the process. For an ultimate proof, it had to be checked
whether, upon inversion of the pulse polarity, the opposite
reaction of the hole formation, i.e., the reduction and
deposition of ions from the solution, also becomes pos-
sible. This is shown in Figure 3b on a Au(111) surface
immersed in 0.5 M CuSO4. Introduction of three short,
positive voltage pulses to the tip (50 ns, +4 V) led to the
formation of three Cu clusters with about 5 nm diameter
and monatomic height. The clusters are located exactly
at the positions where the tip was tunneling at the
moment when the pulses were applied. These clusters
dissolved completely after the sample potential was
increased to about 400 mV vs Cu|Cu2+, substantiating that
they do, indeed, consist of copper and do not constitute
contamination disposed off the tip. The potential of the
tip was held at about 400 mV vs Cu|Cu2+ prior to the
application of the pulse, which excludes underpotential
deposition of Cu on the tip. Therefore, the deposited Cu
had to stem directly from reduction of ions of the
electrolyte.

The local electrochemistry resulting from ultrashort
voltage pulses differs significantly from other electro-
chemical approaches for producing small structures with
the help of a STM, reviewed, e.g., in refs 19-21. One of
these involved the electrochemical plating of the tunneling
tip with Cu and the successive mechanical detachment
of Cu clusters on the surface by mechanical contact.22 In
a recent experiment, millisecond voltage pulses have been
employed to redissolve material from the tip (in this case
Co), where it was previously deposited.23 This led to a
local, transient enhancement of the metal ion concentra-
tion and therefore to local variations of the Nernst
potential for its bulk deposition on the surface. Although
this process is, in principle, determined by the diffusion
properties of the species, the achieved resolution is about
20 nm with good reproducibility. Other experiments
concern the structuring of surfaces in humid air by use
of a STM tip. However, in such experiments on Au(111),
voltage pulses to the STM tip longer than 100 ms were
necessary for nanometer hole formation.24,25 Therefore, in
this case, the local confinement of the reaction has
probably to be attributed to the formation of a small water
neck between the tip and the surface due to capillary
forces, as proposed in recent experiments on the oxidation
of Si and Ti.26,27 Similarly, conductive polymer films have

been employed as electrolyte, which allowed both the
etching of the substrate and the deposition of metal lines
with a thickness down to 200 nm.28 Also here, the contact
area between STM tip and film surface determines the size
of the structures.

A different approach for producing single small metal
clusters on a surface was successfully demonstrated for
the formation of Ag clusters on a graphite surface. The
Ag clusters were deposited from a Ag+-containing solution
by applying positive voltage pulses of 50 µs duration to
the STM tip.29,30 The local metal deposition started a few
microseconds after the beginning of the pulse and was
attributed to nucleation of a Ag cluster in a small hole on
the graphite surface formed instantaneously during the
application of the pulse. On graphite, the hole formation
proceeds independently of the polarity of the pulse, which
points to a field effect rather than to electrochemical
oxidation of the surface. Analogously, we demonstrated
that holes on a Au surface produced by ultrashort voltage
pulses can serve as local nucleation sites for Cu bulk
deposition.17

In conclusion, carrying out electrochemical reactions
far from equilibrium conditions, i.e., far from the equili-
bration of the ion distribution in the electrolyte, can,
indeed, lead to strongly localized surface modifications
on the nanometer scale. Technological applications com-
parable to those of e-beam lithography might be possible
but still suffer from relatively low processing speed, due
to the sequential nature of the modification process.

IV. Structure Formation upon Ordering
Processes in Electrochemistry
For many applications, a well-defined size distribution of
the fabricated surface features is more important than
their definite location. Such a surface morphology can,
for example, be achieved by nucleation and growth proc-
esses: Semiconducting quantum dots with high mono-
dispersity were recently synthesized by a hybrid electro-
chemical/chemical method by which small metal islands
were first electrochemically deposited onto a graphite
surface and afterward chemically transformed into a
semiconducting compound.31 Similar to thin film growth
under vacuum conditions, the electrochemical deposition
of materials is mostly governed by the nucleation of
islands, i.e., by surmounting a nucleation barrier for the
formation of a critical nucleus of a condensed phase from
a supersaturated adatom gas. This leads to the formation
of rather compact, round islands, the size and distance
distribution of which are determined by the deposition
rate, the diffusivity of the adatoms on the surface, and
the size of the critical nucleus for island formation.32

However, there exists a different pathway for the
condensation of islands from an adatom gas. At high
enough adatom densities, the system becomes thermo-
dynamically unstable, and the condensation into the
dense phase proceeds instantaneously without surmount-
ing a nucleation barrier.33,34 The morphology of the system
resulting from this so-called spinodal decomposition is
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expected to be completely different from those occurring
upon nucleation and growth. Cahn and Hillard showed
that thermally induced density fluctuations of a certain
length scale will exponentially grow with time. Due to the
high driving force (i.e., excess free energy), spinodal
decomposition typically results in labyrinthine, interwoven
patterns, which are never observed during slow, thermally
activated nucleation and growth.

The experimental observation of such labyrinthine
patterns during thin-layer growth is usually hampered by
the slow rate for changing the adatom concentration.
Upon changing the adatom surface concentration from
its equilibrium value, the system enters the metastable
region of the phase diagram. With proceeding supersatu-
ration of the adatom gas, the nucleation barrier and the
size of the critical nucleus also shrink, which eventually
leads to nucleation and growth of the new phase before
the unstable region of the phase diagram can be reached.
Hence, thin-layer formation upon evaporation of materials
in a vacuum or slow deposition in electrochemistry is
governed by the typical patterns of nucleation and growth,
with wide variations reaching from dendritic growth to
regularly shaped islands.

However, electrochemistry offers the possibility to drive
reactions extremely fast. In a small electrochemical cell,
like the tip-surface configuration of an electrochemical
STM, the DL can be rapidly polarized. Electrochemically
induced surface modifications can be observed in situ. For
example, in Cl--containing electrolyte, Au atoms can be
dissolved in the electrolyte during a 20 µs, -4 V pulse to
the STM tip (Figure 4). The pulse was applied in the center
of the STM image in Figure 4a while slowly scanning
downward. To allow for large-scale reaction and uncon-
strained transport of ions in the electrolyte, the tip was
retracted by about 2 nm during the application of the
pulse. An interconnected, labyrinthine pattern of mona-
tomically high Au islands formed on the surface. Com-
parison with images taken before revealed that 0.5 ML of
Au atoms, only from the topmost terraces, was dissolved
during the pulse without changing the terrace structure
of the surface. Subsequently, the remaining 0.5 ML of Au
atoms in the topmost layer ordered into a labyrinthine
pattern.

This pattern rather points to the spinodal decomposi-
tion of an unstable, instantaneously created Au adatom
gas, in contrast to the conventional nucleation and growth
scheme. It is conceivable that upon the application of the
high potential step, Au atoms from the topmost surface
layer were randomly removed, leaving behind an unstable
Au adatom gas with a density of 0.5 ML. Since the
dissolution of the material occurred about 6 times faster
than the change of the adatom concentration with con-
ventional vacuum or electrochemical methods, the meta-
stable region of the phase diagram was surpassed before
nucleation and growth of round and compact Au islands
could start. Indeed, assuming that the particle interactions
in the Au atom gas are dominated by nearest-neighbor
interactions, a density of 0.5 ML equals the critical
density;35 i.e., the adatom gas with 0.5 ML density is

situated right in the middle of the coexistence region,
where it is definitely unstable.

The labyrinthine pattern slowly coarsens on a time
scale of minutes (Figure 4b). Eventually, after about 30
min, the pattern breaks up into single, compact islands,
and Ostwald ripening sets in, where big islands grow at
the expense of smaller ones (images not shown here). At
this late stage of the ordering process, the surface mor-
phology indeed resembles that resulting from typical
nucleation and growth scenarios. The interwoven, laby-
rinthine patterns were obtained only immediately after
the very fast change of the Au adatom concentrations. This
became possible due to the small size of the effective
electrochemical cell, consisting of the STM tip and the
surface in nanometer proximity, which allowed for the
unprecedentedly fast polarization of the DL.

V. Conclusions
Applying ultrashort voltage pulses to small electrodes
opens two principally different avenues for surface modi-

FIGURE 4. (a) During scanning a Au(111) surface in 4 M KCl, the
application of a 20-µs, -4-V pulse to the STM tip (black arrow) led
to the formation of a labyrinthine pattern of Au islands, reminiscent
of structures expected upon spinodal decomposition of an unstable
system (the slow scan direction is directed downward). About 0.5
ML of the topmost Au layer was electrochemically dissolved during
the short pulse. (b) In the consecutive STM image (1 min later), the
pattern coarsened slightly (UT ) -150 mV, IT ) 1 nA).
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fications. First, the electrochemical reactions can be
confined to surface areas on the micro- to nanometer
scale, because of both the spatially confined charging of
the DL and the unequilibrated ion distribution in the
electrolyte. Second, the small size of the effective cell
volume allows for a very fast polarization of the DL and
therefore an unprecedented speed of the electrochemical
reactions. This might drive the system into regions of the
phase diagram which were hitherto impossible to reach,
due to kinetic limitations. The ordering process upon the
decay of a thermodynamically unstable system may lead
to surface morphologies completely different from those
observed upon close-to-equilibrium procedures governed
by nucleation and growth. Future investigations may
include the in situ study of the early time behavior of such
ordering processes as well as the study of the electro-
chemical reaction kinetics itself by directly measuring the
current transient flowing through such a small but fast
electrochemical cell, e.g., consisting of the tip and surface
in an electrochemical STM.
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