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Directed nanoscale metal deposition by the
local perturbation of charge screening at the
solid—liquid interfacef
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Understanding and directing electrochemical reactions below the micrometer scale is a long-standing
challenge in electrochemistry. Confining reactions to nanoscale areas paradoxically requires both isolation
from and communication with the bulk electrolyte in terms of electrochemical potential and access of ions,
respectively. Here, we demonstrate the directed electrochemical deposition of copper nanostructures by
using an oscillating nanoelectrode operated with an atomic force microscope (AFM). Strikingly, the writing
is only possible in highly dilute electrolytes and for a particular combination of AFM and electrochemical
parameters. We propose a mechanism based on cyclic charging and discharging of the electrical double
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layer (EDL). The extended screening length and slower charge dynamics in dilute electrolytes allow the
nanoelectrode to operate inside, and disturb, the EDL even for large oscillation amplitudes (~100 nm).
Our unique approach can not only be used for controlled additive nano-fabrication but also provides
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Introduction

Electrochemical deposition can revolutionize the fabrication of
(opto)electronic nanodevices if carefully controlled at the
nanoscale. Among its advantages are the relatively small infra-
structure costs, low thermal budget and fine dynamic control
over reaction kinetics and thermodynamics, which does not
exist with any other synthetic method. However, the biggest
challenge in integrating electrodeposition and nanotechnology
is the controlled down-scaling of chemical reactions down to
the nanoscale.* This control would provide additional
freedom in designing free-form nano-architectures with extra-
ordinary properties and functionalities.*””

One approach to confine growth is by spatially restricting
the electrochemical cell or the feeding of precursors, such as
in meniscus confined electrodeposition, local dispensing of
ions, or electrohydrodynamic jet printing.* * A different strat-
egy is the direct electrochemical writing with small electrodes.
Complex 3D structures have been successfully made at the
scale of tens to few hundredths of microns by using scanning
microelectrodes, where the size of the electrode and its
distance to the sample define the fabrication resolution.***®
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insights into ion behavior and EDL dynamics at the solid—liquid interface.

At the nanoscale, scanning probe microscopes (SPM) have
demonstrated high precision in nanostructuring metal, semi-
conductor and oxide surfaces under gas or liquid conditions,
based on a variety of tip-surface interactions."*® However, in
most cases, growth is restricted to a few nanometers in height
(such as clusters). Additive electrochemical nano-fabrication of
structures beyond atomic cluster size with scanning probes
has been difficult, contrary to what could be expected from
conventional electrochemistry. This is due to the fact that
when the tip/substrate gap is of the order of nanometers, the
reaction dynamics are governed by a complex interplay of
electrochemical potential distributions,'® poor communication
with the bulk solution, and mass transport limitations prevent-
ing ion access into the small gap.>°">* In general, effects of the
structure and dynamics of the electrical double layer (EDL) at
the solid-liquid interface on nanoscale electrochemistry are
not fully understood.>** In the past years, several groups have
focused on using SPM techniques to probe the solid-liquid
interface,® > in terms of specific adsorption,® charge
density, and screening.**** In all these studies, care was taken
to ensure minimal perturbation of the EDL by the probing
tip. However, it has been suggested that in some cases, the
probe may strongly perturb the charge distribution at the
interface.”*

Schuster and co-workers demonstrated the etching and
deposition of metals with micrometer resolution by locally
polarizing the EDL at the water-substrate interface upon the
application of a voltage pulse at a micro-electrode.’” The
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authors described the reaction confinement by considering a
simple RC equivalent circuit, concluding that nanometer
resolution would require fs pulses. However, this timescale is
much faster than the typical electric double layer dynamics
(~ns-ps).*® Interestingly, nanoscale local etching and depo-
sition has been demonstrated with ps pulses to a scanning
tunneling microscope (STM) tip.***!

In this work, we take advantage of the capabilities of an
electrochemical atomic force microscope (EC-AFM) tip to dyna-
mically perturb the EDL in order to control growth at the nano-
scale. We achieve this by using a highly dilute electrolyte and a
highly asymmetric tip-substrate system (in terms of material
and potential). We demonstrate direct electro-deposition of
copper on gold, with lateral dimensions down to 50 nano-
meters and an aspect ratio slightly above 0.5 for a writing
speed of 3 nm s™'. We show a critical dependence of the
ability to confine growth on the salt concentration, and the
dynamics of the tip movement during the writing. We propose
a local growth mechanism facilitated by a combination of peri-
odic disruption and build-up of the EDL, followed by forced
electrodeposition due to the strong perturbation of the electro-
chemical potential between the tip and the sample.

The ability to control solution-based growth down to the
nanoscale can revolutionize nanofabrication, by enabling the
manufacturing of combined logical circuits, LEDs, photo-
detectors and many other (opto)electronic devices on the same
platform with nanoscale resolution. Additionally, local depo-
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sition with dynamic EC-AFM can be used as an indirect means
to probe EDL dynamics in general, which has a strong impact
in any electrochemical process such as in batteries, or
elecrocatalysis.

Results
Direct writing of copper nanostructures

We control the local growth of copper on gold by applying a
potential difference directly between a Au substrate and an
AFM tip in a dilute aqueous electrolyte (1 uM CuSO,). The tip
apex, which is made of Pt, is the only part of the cantilever
that is exposed to the liquid."® During writing, the AFM is
operated in the PeakForce (PF) tapping mode, where the canti-
lever is driven by a sinusoidal signal far below its resonance
frequency (2 kHz in this work) (Fig. 1a, and methods). In this
mode, the force exerted by the tip on the sample is used as the
feedback signal (3 to 30 nN in this work), while the intermit-
tent contact results in minimal lateral forces on the substrate.
By moving the tip along a programmed xy trajectory, arbitrary
shapes can be written (Fig. 1b and c).

Single lines down to a full width half maximum (FWHM) of
~50 nm and as closely spaced as 125 nm are obtained with
aspect ratios above 0.5 (line profiles in Fig. 1b and c). It should
be noted that the extent of the deposition profile is in the
order of the expected tip diameter, which is typically regarded
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Fig. 1 Direct writing of copper with dynamic EC-AFM. (a) Cartoon representing the EC-AFM writing set-up. (b) Ex situ AFM-topography, cross-
section height profile, and in-column SEM, of a 1 pm long line deposited in a single EC-AFM pass at 3 nm s~ with an applied potential of 1.7 V.
(c) Ex situ AFM-topography and cross-section height profile of the written AMOLF logo, deposited in a consecutive double pass at 30 nm s~* and
3 nm s~ with an applied potential of 1.7 V. The writing in (b) and (c) were done in 1 pM CuSQj, solutions. Scale bar is 200 nm in Fig. 1b. (d) In situ
AFM topography, after following a 12 pm-long path across the center of each image while ramping the potential from 1 to 2.5 V (in the first two
panels) and 1.2 to 2.7 V (in the rightmost panel). Three different concentrations of CuSO4 were used (from left to right: 1, 4 and 12 uM). The depo-
sition disappears by increasing the concentration. The scale bar is 2 pm.
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as the lower limit on resolution in most SPM-based
nanofabrication.'®** The clear Z-contrast of the deposited
structure with the gold substrate as obtained from backscat-
tered electrons in a scanning electron microscope (SEM) high-
lights the chemical nature of the deposited copper wire, as is
also found by energy dispersive X-ray (EDX) analysis from a
larger structure (ESI-17).

To enable the local writing, however, we find two counter-
intuitive results that disagree with previously reported micro-
and nano-SPM based electrochemical deposition mechanisms.
First, we find that the local deposition only occurs when redu-
cing the salt concentration down to a few pM. The panels in
Fig. 1d show the topography after the tip is translated over a
12 pm long path with the PF feedback enabled and ramping
the voltage (1 < V < 2.7 V) along the path. The figure clearly
shows the deposition emerging with increasing potential in
the case with the lowest ion concentration, which gradually
disappears with increasing concentration. In fact, at concen-
trations above 10 uM, we are unable to observe any growth
within our typical AFM scan range (~15 um) and parameters
(ESI-2t). While increasing the concentration of CuSO, should
accelerate growth, mainly through facilitating mass transport,
it is not in line with our observations. This is therefore a criti-
cal result and rules out other known writing mechanisms,
such as AFM-induced local de-passivation of a metal
substrate’>'® or electric-field enhanced mass transport.*
Second, no deposition is observed when the tip is kept at a
fixed tip-substrate distance (ranging from 3 to 300 nm). In
fact, we will illustrate that the AFM tip dynamics play a critical
role in the direct writing mechanism.

Influence of electrochemical parameters

First, we investigate the electrochemical nature of the depo-
sition process. The electrochemical behavior of the tip-sub-
strate system is shown in Fig. 2a, where no current flows until
a minimum potential of around 1.2 V is reached, after which
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the current increases exponentially. This is consistent with a
minimum thermodynamic potential difference between the
oxidation of water at the tip and copper reduction at the
substrate.

From ex situ AFM topography, we determine the deposited
volume as a function of the total charge passed through the
system, which is controlled by varying either the voltage (1.3 to
2.1V in steps of 0.1 V, Fig. 2b) or writing time by means of the
translation speed (3, 10, 30, and 100 nm s~ ', Fig. 2c). The
linear dependence of the volume on current supports the
electrochemical nature of the process. However, the amount of
charge required to obtain an equivalent volume of solid
copper from Cu”" is five orders of magnitude smaller than that
derived from the measured current. This suggests that large
stray currents are present across the substrate that do not
result in copper growth, which is not surprising given the large
surface area of our substrate electrode (~5 cm?). Moreover,
Fig. 2b shows that the deposition is suppressed at high cur-
rents/potentials most likely due to the competing proton
reduction reaction, which leads to a “working” potential
window. Actually, the formation of bubbles is observed under-
neath the tip at higher current densities (typically ~20 nA).

The additive nature of the fabrication is highlighted by the
increase in volume with time when driving the system at a
fixed potential. In particular, the volume increases linearly
with charge, but only after a certain threshold (Fig. 2c, black
curve). We attribute the presence of a minimum amount of
charge required for growth to kinetic limitations of the
nucleation.

Influence of tapping dynamics

In the following, we investigate the impact of AFM tapping
parameters on local growth to better understand the mecha-
nism of confined electrochemistry. We adjust the tip position
dynamics through the PeakForce amplitude (PFA) and the
force setpoint (FS) parameters (Fig. 3a). The time-averaged
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Fig. 2 Electrochemical nature of the local Cu deposition. (a) Current—voltage characteristics of the tip-Au substrate two electrode system. At posi-
tive bias, current in the electrolyte flows from the tip to the substrate. (b) Linear scaling of the volume as a function of current in 1000 nm-long lines
for a fixed set of AFM parameters. Different currents are obtained by increasing the applied potential. At high potentials/currents the deposition
efficiency drops, most likely due to the competing hydrogen evolution reaction. The volume is obtained from ex situ AFM topography. (c) Volume of
1000 nm-long lines as a function of the total charge transferred for a given voltage and the same PeakForce parameters as in (b). The different

points are obtained by different writing speeds, from 3 to 100 nm s™*.
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Fig. 3 Influence of the AFM tip dynamics on the local deposition. (a) Representation of the tip dynamics over a few tapping cycles. The PeakForce

oscillation amplitude (PFA) sets the amplitude of the drive signal (black curve). While the cantilever follows the drive signal, the actual tip position
(green curves) and contact time (CT) depend on the force set point (FS) as well. As a result, the center of oscillation moves up and down as a function of
both parameters. (b) Height of Cu lines, averaged along a 1000 nm path written at 10 nm s7%, as a function of applied current for different PFA and FS. The
estimated CT and average gap size (<z>) during the oscillation are listed above. Both the height of the deposit and the optimal current change as a func-
tion of the oscillation parameters. (c) Total deposited volume in Cu lines written along a 500 nm path as a function of CT, which is controlled by changing
the PFA from 10 to 300 nm. All lines are written with the same FS of 3 nN, a translation speed of 10 nm s™* and at fixed bias voltages from 1.5 to 1.8 V

(average currents of ~1, 2.5, 4, 6.5 + 0.5 nA). The figure displays a threshold contact time for deposition of ~25 ps.

tip—sample distance or gap size (<z>) and time in contact (CT)
are estimated from the PFA and FS settings as described in the
ESI-3.f The effect of the FS on <z> is quite significant. For
instance, at the nominal spring constant of 1.5 N m™" of our
tips, the maximum gap size is reduced by 20 nm when the FS
is increased by 30 nN, a value that may represent a large frac-
tion of the oscillation amplitude (see ESI-37).

The influence of the tip dynamics on the local growth is
represented by the average maximum height of a line de-
posited along a 1000 nm-long path as a function of current
(Fig. 3b). We do not observe a consistent trend in the width of
the deposit as a function of the oscillation parameters or the
current (ESI-4t). Here, the paths are followed at either 10 or 30
nN, corresponding to dashed and thick lines, respectively, and
with three different oscillation amplitudes (15, 50 and
300 nm). The corresponding average gap size and contact time
are listed in the table of Fig. 3b. Similar to Fig. 2b, local
growth is favoured within a limited electrochemical window,
leading to an optimal drive condition. Surprisingly, the
optimal drive strongly depends on the AFM operation para-
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meters. At large oscillation amplitudes, where the tip is
above the substrate most of the time, little deposition is
seen regardless of the force set point. This reinforces the
notion that the process is not primarily driven by surface de-
passivation from simple mechanical tip-sample interaction.
We find that the share of time spent in contact with the
sample appears to be a key parameter for determining the
optimal driving condition for local growth. This is particularly
evident at 15 nm amplitude, where height-current behavior
for the two forces is quite different. Rather, the data for 10 nN
resemble that of 30 nN with a similar contact time (i.e. ampli-
tude of 50 nm).

In order to further investigate the link between CT and
local deposition, we plot the total deposited volume as a func-
tion of CT (varied by means of the amplitude) for lines written
at a fixed force of 3 nN and various potentials (Fig. 3c). The
most striking feature in Fig. 3c is that growth is absent for all
potentials when the contact time is shorter than ~25 ps. The
presence of a threshold value for the contact time is in line
with the observation that no deposition is obtained with the

This journal is © The Royal Society of Chemistry 2019
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tip held at a fixed distance above the surface (limit of zero
contact). For times longer than the threshold, the deposited
volume generally increases with CT. Interestingly, when
writing at low drives (1.5 and 1.6 V), the volume saturates after
~50 ps. By contrast, at higher drives (1.7 and 1.8 V), the
volume increase with CT is less strong and does not saturate
within our tested conditions.

This is consistent with the data from Fig. 3b, where growth
at long contact times (dark red solid data) only occurs at high
currents. The interplay between potential and contact time with
the local deposition efficiency is discussed in the following
section, within the framework of the deposition mechanism.

Discussion

While we have proved that the localized Cu deposition
process studied here is electrochemically driven, we find a
particularly intriguing critical dependence of deposition on
the contact time. Namely, the longer the contact time, the
more material is deposited. This is rather counter-intuitive as
we suspect the tip to be in electrical contact with the sub-
strate during the time in contact (see ESI-5t for more details),
and therefore suspend electrochemical growth. To understand
the need for an “off-time” for local electrochemistry, we con-
sider the role of ion dynamics in the charge transfer at the
solid-liquid interface.

Upon application of an external voltage at an electrode,
ions in solution are expected to re-order and form the electri-
cal double layer, i.e. a region containing a nonzero charge
density that screens the electrode potential. The screening
occurs in a diffuse layer extending from the electrode to the
bulk solution (Fig. 4a). While this potential drop typically
occurs within a distance of 1-2 nm, it extends to ~150 nm for
the highly dilute 1 pM CuSO, solution. This is due to the
screening length or Debye length, Ap, being inversely pro-
portional to the square root of the concentration
(Ap ~ 9.7/ny/C[nm] for aqueous solutions with & = 80 at room
temperature, where n is the ion valence and C the concen-
tration in units of mM).*”*® Faradaic currents exponentially

a)
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increase with the potential difference between that of the solid
and of ions within a tunnelling distance (few nanometers).
Consequently, in conventional electrochemistry the ultimate
current for a given bias is achieved once the double layer is
fully formed and its magnitude increases with decreasing Ap,.

Considering oscillation amplitudes ranging from 10 to
300 nm, it becomes apparent that the typical electrode separ-
ation lies within the long screening length of the dilute electro-
Iyte. In fact, due to incomplete screening the electrostatic
attractive force is large enough to be sensed by the AFM. We
observe this as an attractive force offset of ~4 nN in the base-
line when executing a single force curve on the substrate and
toggling the applied potential at contact (ESI-6t). In the case
where the electrode separation is <2l (which has also been
referred to as double layer cross-talk), the electrochemical con-
ditions in the gap are not well-defined and may lead to uncon-
ventional electrochemistry. The double layer overlap between
an STM tip and a metal substrate has been suggested to cause
an enhanced local dissolution of the substrate while being
held at a known potential, where no dissolution is
expected.”’*?**° Particularly different in these works with
respect to ours, is the much smaller gap sizes (<2 nm to
ensure feedback from tunnelling current) and the unlimited
access to the solid metal atoms for the oxidation reaction.

The interesting implication of incomplete screening in the
gap is that the tip and substrate effectively form a capacitor. In
other words, the ions inside the gap are subject to a (linear)
potential profile between the electrodes purely defined by gap
size and bias voltage (Fig. 4b). In the limiting case of no free
charges in the gap, the potential can be calculated by solving
Laplace’s equation. Considering the plane of closest approach
for a solvated ion (0.6 nm arising from the size of the water
molecule®®), the solution potential at the interface is raised by
~5% of the tip voltage at a 10 nm gap size, and up to ~20% at
3 nm, as illustrated in Fig. 4d. Since we typically use bias vol-
tages up to ~2 V, the unscreened tip perturbation can poten-
tially increase the electrochemical potential of ions inside the
gap by up to a few hundred mV through direct electrostatic
interaction. This effect greatly enhances the local charge trans-
fer, leading to local growth. However, the direct electrostatic
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- 3
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- 25 ]

100
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Fig. 4 Tip-enabled local deposition mechanism in dilute electrolytes. Schematic representation of the potential drop at the solid-liquid interface
for the general case of a metal electrode (a) and within the tip—substrate gap (b). When the gap size is smaller than twice the Debye screening
length, the potential linearly decays with the distance. (c) Calculated potential profiles at 0.6 nm above the substrate for various gap sizes (3, 10, 25
and 50 nm) as obtained from the 2D Laplace’s equation. We have considered a tip of 25 nm in radius held at a potential of Vi, and a grounded sub-

strate. The potential is normalized to the tip bias.
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interaction quickly disappears as the tip moves away from the
substrate and/or upon the build-up of the double layer.

At small potentials, both the assembly and disassembly of
the double layer are associated with the diffusion of ions from
the bulk to the interface, and vice versa, through the diffuse
layer over a time 7, = Ap>/D, with D being the diffusion coeffi-
cient.’® In standard electrochemistry, 7, is of the order of ns.
However, given the extended screening length in the dilute
electrolyte, 7p, is 22 ps (33 ps) for the SO,>~ (Cu®") ions (using
Dsop- = 1.065 x 107° em® 7!, Dgyar = 0.72 x 107° em? s71),
which is remarkably close to the contact time threshold for
deposition found in Fig. 3c. The continuous full disruption of
the EDL by the tip being in contact with the substrate for a
time >ty facilitates the incomplete screening in the gap at
each tapping cycle. Similar to potential-pulsed electro-
chemistry, the contact time or “off-time” results in electro-
chemical equilibrium by means of double layer relaxation.
This equilibrium is then disturbed when the cantilever moves
up, and the EDL reassembles again by ions moving into the
tip-sample gap. Potential pulses at STM tips have led to con-
fined electrochemical machining, atomic layer electrochemical
deposition or control over crystallographic defect formation,
among other phenomena.?”3%51:52

Although the proposed writing mechanism predicts that
the local current increases with tip bias, we observe that the
deposition is generally hampered at high potentials unless the
gap size is small (Fig. 3). We believe that accelerated charge
screening from field-enhanced ion transport reduces the total
effective time for tip-induced double layer squeezing. Along
this line, we suspect that access of ions into the gap becomes
restricted for gap sizes smaller than 10 nm (see approach
curves in ESI-5%). In this case, a higher driving potential is
required to facilitate mass transport. This results in a balanc-
ing between the driving potential and the gap size, as observed
in our measurements in Fig. 3b and c. Also, it seems that at
high driving potentials the CT threshold for growth occurs at
longer times. We suspect that steric effects may play a
role, based on the fact that at high potentials or in highly con-
centrated electrolytes (such as ionic liquids), the double layer
actually expands.®** In such a case, more time would be
required to reach electrochemical equilibrium during the “off-
time”.

Finally, we comment on the fact that higher concentrations
hamper the local deposition within our available parameter
window. Considering the discussion above, it is noteworthy
that at just slightly higher concentrations, 10 pM, the improved
screening power of the electrolyte results in the Debye screen-
ing length being about three times shorter (i, ~50 nm).
Double layer cross-talk and direct electrostatic interaction in
less dilute electrolytes are therefore expected only at small
oscillation amplitudes, where mass transport limitations
become dominant. Further dilution of the electrolyte might
broaden the deposition parameter window, but rapidly
becomes impractical.

In summary, the writing mechanism requires a careful com-
promise between the tip-substrate electrostatic interaction

18624 | Nanoscale, 2019, 11, 18619-18627
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(achieved by continuously disrupting the double layer and
closely positioning the tip above the sample) while still allow-
ing ion access. In our experiments, this occurs only in highly
dilute electrolytes (<5 pM) with an extended Debye screening
length combined with either: (a) oscillation amplitudes
~25-50 nm, CT ~100-150 ps and low drive potentials, or (b)
small oscillation amplitudes (~10 nm), long CT (>200 ps) and
high drive potentials. While the latter conditions result in
faster writing speeds (up to 3 x 10* nm® s™'), the former is best
in terms of process efficiency, which considers the ratio
between total charge transfer and local volume.

Based on the deposition mechanism described above, we
suspect that only a small fraction of the non-contact time is
responsible for the local deposition, reducing both the writing
speed and process efficiency. In our system, the tip oscillation
frequency is fixed at 2kHz and we obtain practical deposition
rates in the order of 10" nm® s™', which is comparable to that
for focused ion beam induced deposition.? The writing speed,
and consequently the process efficiency, may be optimised by
tuning the tip oscillation frequency. Additionally, the overall
process efficiency may also be improved by just reducing the
substrate’s surface area or by using a 4-electrode configuration,
which fixes the substrate potential exactly at the Cu|Cu** equi-
librium potential.

Regarding the writing resolution, further down-scaling is
possible by the use of sharper tips considering that the
observed resolution is of the size of the nominal tip diameter.
Nowadays, conductive tips can be routinely fabricated with a
diameter <10 nm. Sharper tips may also aid the deposition
process by mitigating screening effects, due to the enhanced
charge density and capacity of sharply curved metal surfaces.”?

Conclusions

We have demonstrated the confined high-resolution direct
additive writing of copper nanostructures by using a biased
AFM tip in a dilute electrolyte, where the tip is in intermittent
contact with the substrate through the oscillation of the canti-
lever. We find a particularly intriguing critical dependence of
deposition on the tapping dynamics of the AFM and ion con-
centration. We propose a confinement mechanism that bal-
ances access of ions and shaping of the electrochemical poten-
tial in the tip-substrate gap. While this method is expected to
be general for the electrochemical deposition of a variety of
materials, opening up new routes for nanofabrication, probing
local reactions through topography provides a way to under-
stand the local dynamics and charge transfer at the electrical
double layer, such as the Debye time.

Methods

Sample and electrolyte preparation

The substrate consists of a Au film (~ 50 nm thick) with a
~5 nm Cr adhesion layer deposited by thermal evaporation on

This journal is © The Royal Society of Chemistry 2019
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top of an n-type Silicon sample (Siegert Wafer) as a flat
support. The solutions were prepared using CuSO,-5H,0
powder (99.995%, from Sigma-Aldrich) in MilliQ® (18.2 MQ
cm) water. The low concentration electrolyte was prepared
before every experiment from a 1 mM CuSO,(aq) stockpile and
diluted (100-1000x) using fresh MilliQ water. Before preparing
the dilute electrolyte, all containers were rinsed (5-10x), ultra-
sonicated, and rinsed again (5-10x) using fresh MilliQ water.
Both the container and electrochemical cell only contained the
dilute copper electrolytes, after initially cleaning them by an
overnight soak in 1 M HCI. All experiments were carried out
under ambient conditions inside a fume hood. Samples and
the electrochemical cell were stored in a 1% humidity nitrogen
environment.

Electrochemistry

Our electrochemical system consists of an AFM nanoelectrode
tip immersed in a filled electrochemical cell and connected to
an external potentiostat, which controls and monitors poten-
tial and current. At positive potentials (tip vs. substrate), we
expect the oxygen evolution reaction to occur at the tip and
either copper reduction or hydrogen evolution at the sample.
The electrochemical cell was homemade and consisted of
Teflon™, made leak tight by an O-ring. Top-contacts were
made by either attaching a wire connection directly to the
sample edge, or by using a spring-loaded pin outside of the
O-ring. Potential/current control and readout were done with a
CH760E potentiostat. In all experiments, the system was con-
nected in a 2-electrode fashion, by shorting the reference and
counter electrode.

Atomic force microscopy

The measurements and writing were performed using a Bruker
Dimension Icon AFM, controlled through the Nanoscope soft-
ware. The nanoelectrode AFM probes were obtained from
Bruker (PeakForce SECM) and were electrically insulated
except for the platinum coated apex, which has a diameter of
~50 nm.*> The AFM spring constant was obtained for each
cantilever (i) directly in the electrolyte, by doing a thermal
tune at a distance of ~1 mm from the substrate after obtaining
the deflection sensitivity on the gold substrate inside the elec-
trolyte, or (ii) before filling the cell using the thermal tune
method in air at a distance of ~1 mm from the substrate, after
obtaining the deflection sensitivity on the gold substrate. The
deflection sensitivity of the cantilever was then re-calibrated
on the gold substrate, inside the electrolyte. The measured f;,
Q, and used k are reported in ESI-7f as proposed in refer-
ence.> Ex situ topography and data in Fig. 1b, ¢, and 2 were
obtained in air using ScanAsyst-air tips (Bruker, nominal tip
radius 2 nm). In situ images and data in Fig. 1d and 3 were col-
lected using the SECM tip, directly after deposition.

Writing protocol

For writing, the tip follows a programmed trajectory
(NanoScript) in the xy-plane with the PeakForce (PF) feedback
enabled, while applying either a potential difference between
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the tip and the substrate (potentiostat) or forcing a fixed
current through the tip (galvanostat). In all presented experi-
ments, the PeakForce frequency was set to 2 kHz, other AFM
parameters used are listed in the ESL{ Lift experiments where
the tip is kept at a fixed distance above the substrate, as men-
tioned in the text, were done by initiating a Thermal Tune
within the AFM software at a certain height.

Data treatment

AFM images were treated by removing the polynomial back-
ground (first or second order) and removing image defects by
aligning rows or removing scars using the Nanoscope
Analysis and Gwyddion software.>® The volume data in Fig. 2
were defined as the bearing volume in the deposited lines,
with a threshold value for each pixel set to two times the
sample roughness. The height data in Fig. 3a were obtained
by taking the average line profile of a written copper wire
and fitting a Gaussian to obtain the height and full width
half maximum as illustrated in ESI-8.7 The volume in Fig. 3b
was then taken to be the area of this fit multiplied by the
length of the path. Fitting was done using the Origin 2017
software.

Analytical model

We have considered a mirror charge at a distance of ‘gap size’
from the interface. Vi, is defined as the potential at a radial
distance of 25 nm, and we have used the dielectric constant of
water (80). We consider the substrate to be grounded with
respect to the solution. This is a fair approximation given the
much larger current density flowing through the tip.
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