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Regulating the state of the solid–liquid interface by means of electric ﬁelds is a powerful tool to control
electrochemistry. In scanning probe systems, this can be conﬁned closely to a scanning (nano)electrode
by means of fast potential pulses, providing a way to probe the interface and control electrochemical
reactions locally, as has been demonstrated in nanoscale electrochemical etching. For this purpose, it is
important to know the spatial extent of the interaction between pulses applied to the tip, and the
substrate. In this paper we use a framework of diﬀuse layer charging to describe the localization of
electrical double layer charging in response to a potential pulse at the probe. Our ﬁndings are in good
agreement with literature values obtained in electrochemical etching. We show that the pulse can be
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much more localized by limiting the diﬀusivity of the ions present in solution, by conﬁned
electrodeposition of cobalt in a dimethyl sulfoxide solution, using an electrochemical scanning
tunnelling microscope. Finally, we demonstrate the deposition of cobalt nanostructures (<100 nm) using
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this method. The presented framework therefore provides a general route for predicting and controlling
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the time-dependent region of interaction between an electrochemical scanning probe and the surface.
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etching through the distance-limited EDL charging.12 In
contrast, the reverse reaction of conned electrodeposition has
proven to be more diﬃcult to implement for continuous
nanostructuring.12,13 Alternative electrochemical scanning
probe deposition methods can reach small feature sizes (<10
nm), but the deposits are typically limited to single clusters.14–17
As such, free-form electrochemical writing is most successfully
shown with nozzle-based approaches (through mechanisms
such as electrohydrodynamic jets,18 local ion delivery,19,20 or
meniscus-connement21,22), but are limited to larger scales
(>100 nm), typically due to clogging of the smallest nozzles, and,
in the case of local ion delivery, due to broadening diﬀusion
proles.19,23 Despite the potential of pulsed electrochemical
nanofabrication for high resolution and high throughput
additive manufacturing, a clear demonstration of continuous
nanoscale electrodeposition using high frequency pulses has so
far been lacking.24
In order to use fast pulses at scanning nanoelectrodes for
electrodeposition, it is crucial to better understand and predict
the spatial extent of charging of the substrate-liquid interface
due to a pulse applied to the nano-probe. Previous works have
suggested semi-empirical models for the charging extent based
on equivalent electrical circuits, where the interfaces and
solution are modelled by measured capacitance and resistance,
respectively. This simple description already captures the
behavior of conned etching with nanosecond potential pulses
quite well using estimated values of the EDL capacitance and
solution resistance.12,25,26 Nonetheless, it is diﬃcult to unambiguously determine a capacitance for the EDL as a function of
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Introduction
Ion dynamics and charging phenomena at interfaces play a key
role in any ion-based system.1–4 Pulsed or stepped potential
techniques provide a method to investigate and make use of the
time-dependent behavior of the interface, for example to study
charge carrier dynamics,5 electrochemical deposition,6 or
nanopore charging.7 Combining potential pulsing with nanoscale electrodes has become an exciting approach in recent
years to study localized charging phenomena of the solid–liquid
interface, which has shown great potential with regards to the
understanding and control of charge dynamics at solid–liquid
interfaces.8 For instance, potential pulsing at scanning nanoelectrodes has been used to locally probe and image ion
distributions in the electrical double layer (EDL) that forms in
solution at the solid–liquid interface with an electrode
substrate.9,10
Analogously to local probing, potential pulses at scanning
nano/micro-electrodes have been used for driving local reactions at a substrate. Conned electrochemical etching, also
referred to as micro/nano machining, has demonstrated
a feature size of 200 nm,11 where the duration of the pulse has
been shown to inuence the extent of the electrochemical
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experimental parameters such as concentration,27,28 polarization,29,30 and frequency,31 and tting of an electrical circuit
model to the resolution obtained in pulsed etching has yielded
unexpected values for the electrochemical t parameters.32
Here, we provide and verify a diﬀuse layer charging
description for both localized electrochemical etching and
deposition with ns-voltage pulses. Our primary aim is to predict
the etching/writing resolution, or spatial extent of a certain
applied pulse, based on fundamental constants of the electrolyte and employed experimental parameters. A model without
t parameters based on the time-scale sC, associated with
charging of the diﬀuse layer of the EDL33 is developed, which
provides good agreement with values reported in literature for
electrochemical etching.
Further, we demonstrate the local deposition of cobalt from
a dimethyl sulfoxide (DMSO) solution. Using DMSO as a solvent
improves the writing resolution as compared to aqueous electrolytes, allowing much higher localization for experimentally
accessible pulse lengths, due to a lower diﬀusion coeﬃcient of
the ions in solution. Our results show that reproducible writing
of metal structures of 50 nm linewidth is feasible with nanosecond voltage pulses. The diﬀuse layer charging description
can provide a handle for a priori predictions on the writing
resolution and the spatial extent of a potential pulse in nanoscale electrochemical systems. By demonstrating the controlled
electrodeposition of sub-100 nm lines, such scanning probe
deposition methods are ultimately envisioned to enable the
direct maskless writing of 2D and 3D metal or semiconductor
nanostructures.

Results
Predicting etching resolution with a diﬀuse layer charging
model
Previous studies have considered an equivalent electrical circuit
between an independently biased scanning probe and
a substrate to describe the perturbation of the pulsed tip on the
substrate–liquid EDL.12 This simple model consists of the EDL

Fig. 1 (a) Illustration of the mechanism for electrochemical localization by short voltage pulses. By applying a potential pulse to the probe,
the EDL at the substrate will charge more quickly due to the lower path
resistance through the solution and associated shorter RC-time. This is
illustrated in (b) as the potential of the interface for a short (blue solid
line) and long (red dashed line) path, during a potential pulse (black
line).
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capacitances, CEDL, at both electrodes (tip and substrate) in
series with a resistor R representing the solution resistance
(Fig. 1a). As such, the total system contains many RCsubcircuits that represent the current paths from the tip to
diﬀerent positions on the substrate. As the solution resistance
increases with distance, the associated charging time (i.e. RCtime) is longer for locations on the substrate farther away
from the probe, since the larger solution resistance slows EDL
charging through ion migration (Fig. 1b). By applying a short
potential pulse to the tip, the substrate–liquid interface is only
signicantly polarized close to the probe, which may locally
enable an electrochemical reaction. In fact, due to the exponential dependence of the faradaic current on the interface
potential as described by Butler–Volmer kinetics, even modest
potential diﬀerences near the probe are expected to result in
sharp localization proles for the electrochemical reaction
rate.12
Here, we consider a description of the time constant for
interfacial charging analogous to the RC-time to predict the
spatial extend of an electrical pulse applied to a scanning
electrode. The charging time sC has been identied as the RC
time for a simple electrochemical system of two parallel plate,
blocking electrodes (i.e. without faradaic current), with a z:z
electrolyte (i.e. each ion has equal charge), and an applied step
potential, and is given by;33
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
lD L
330 kB T
sC ¼
;
(1)
; with lD ¼
2D
2z2 e2 Na C
with lD the Debye screening length, L the electrode separation,
D the diﬀusion coeﬃcient, 3(0) the (vacuum) permittivity, kB the
Boltzmann constant, T the temperature, z the charge number, e
the elementary charge, Na the Avogadro constant, and C the
concentration of the electrolyte. It is important to note that sC is
essentially the same as the RC-time, but is dened only in terms
of constants of the electrolyte, rather than requiring additional
measurement or computation of the solution resistance and
interface capacitance.32,34
In general, the minimum required time (treq) aer which an
electrochemical reaction can happen upon applying a potential
at the electrode is determined by the charging curve of the
interface potential (Vinterface, blue dashed curve in Fig. 2a). Here,
the interface potential is the electrode potential with respect to
the solution potential. Considering the interface as a capacitor,
the interface potential rises exponentially with the character


t
s
C
istic sC time Vinterface ¼ Vpulse 1  e
. In other words, sC
corresponds to the time required for the interface to charge to
63% (i.e. e1) of the applied potential. In most cases, the
voltage-dependent rate of electrochemical reactions is welldescribed by the Butler–Volmer formalism, where the charge
transfer per unit time is proportional to e(VinterfaceVreq), where Vreq
is the minimum thermodynamic potential for the reaction to
occur (i.e. redox potential). As such, the minimum charging
time (treq) is the time when the interface potential reaches Vreq
(lemost blue dot in Fig. 2a). By dening treq h sCa the required
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Fig. 2 (a) Charging curve of the solid–liquid interface as an ideal capacitor (blue dash-dotted line), deﬁned by the charging time sC. The black
solid line represents a potential pulse that is just long enough for the interface to charge to the potential required for the electrochemical
reactions. (b) Schematic of the potential landscape in the tip-substrate gap. The solid–liquid potential drop is altered at both the tip and the
substrate electrode under inﬂuence of the applied pulse, shifting them from their rest potentials with respect to the solution (Vs1 and Vt1) to where
the electrochemical reactions are thermodynamically allowed (Vs2 and Vt2). The required potential Vreq is then the sum of the diﬀerences Vreq ¼
DVs + DVt.

potential and pulse potential are connected by Vreq ¼ Vpulse(1 
ea) and thus a ¼ Ln(1/(1  Vreq/Vpulse)) is fully dened by the
electrochemical system under consideration and the applied
pulse potential.
In the small tip-substrate gap, the electrochemical system
can be dened by two electrodes, the tip and the sample, where
a potential pulse at the tip will force a change in the potential
drop at the two solid–liquid interfaces. The required potential
Vreq to enable local faradaic currents is the change of the two
solid–liquid potential drops from their rest potential to the
potential of the respective half-reactions. This is illustrated in
Fig. 2b, showing the evolution of the potential landscape in the
tip-substrate gap that are kept at some rest potential with
respect to the solution (Vs1 and Vt1, solid line), as the interfaces
are charged to the potential required for the electrochemical
reactions (Vs2 and Vt2, dashed line) under inuence of a pulse
applied to the tip. It is worth noting that these potentials can be
reached before the potential in the gap fully equilibrates, as
illustrated here by the linear prole in the center.10 The required
polarization is then taken as the sum of the potential changes
Vreq ¼ DVs + DVt. It should be noted that the charging dynamics
are expected to deviate from the ideal capacitor behavior at
potentials above those required for the electrochemical reactions, as the interface may become (increasingly) nonpolarizable once charge transfer is allowed. While this picture
therefore illustrates the time required to reach suﬃcient
polarization, it does not determine the (faradaic) reaction rates.
Based on this model, the minimum pulse width required to
charge the interface suﬃciently for a local electrochemical
current to occur is then given by a and eqn (1) for a given tipsubstrate distance, required potential, and pulse height. For
a certain pulse width (tpulse), eqn (1) can be rewritten to obtain
the maximum tip-substrate distance at which the substrate is
suﬃciently charged to enable the electrochemical reaction:
L¼

2Dtpulse
;
alD

(2)
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Eqn (2) highlights that the distance of signicant charging
can be well dened not only through the electrolyte properties
(lD and D), but also varied through the experimental parameters
Vpulse and Vreq (inuenced by the electrochemical system and
rest potentials), which inuence the minimum charging time
through the parameter a. This description can therefore be used
to predict the maximum etching distance based directly on the
employed electrolyte and the experimental details.
We apply eqn (2) to predict the etching resolution as
demonstrated experimentally in previous works of Schuster
et al.,12 Kock et al.,11 and De Abril et al.,32 where diﬀerent metal
systems (Cu, Ni), electrolyte concentrations (1–200 mM), pH (1–
3), and pulse heights (1.6–3.2 V) are used. Since eqn (2) yields
the spatial extent of interface charging suﬃcient for the etching
reaction, and not the rate, these works are considered as they
report the achieved resolution for long machining times. These
processes are therefore expected to be complete, so that longer
machining times will not result in further etching, and the
resulting features indicate the maximum spatial extent of the
pulse.
The required potential is taken as the sum of the potential
changes required for both the probe and the sample, from their
rest potentials to the standard potentials of the respective half
reactions. As these are etching processes at acidic pH we
consider metal oxidation on the substrate and the hydrogen
evolution reaction (HER) at the probe, with a pH-dependent
potential EHER ¼ 0–60 mV  pH. For the metal oxidation we
use ECu ¼ 340 mV, and ENi ¼ 80 mV for copper and nickel,
respectively, with potentials relative to the standard hydrogen
electrode (SHE). A table of the used parameters can be found in
ESI-1.† Importantly, the diﬀusion coeﬃcient of protons (D ¼ 1
 108 m2 s1) is used to determine the time constant in eqn
(2), which is typically larger by an order of magnitude compared
to values for metal ions in an aqueous solution.
The results are shown in Fig. 3, with symbols indicating the
literature values, and the lines the predicted value for L using
eqn (2). The legend indicates the electrolyte concentration and
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Nanoscale charging dynamics for pulsed electrodeposition
While the previously considered works focused on localized
etching, we focus now on the local electrodeposition of cobalt
with an electrochemical scanning tunneling microscope (ECSTM). We validate the applicability of our model by experimental determination of L (the maximum charging distance) as
a function of pulse width for the deposition of Co on Au.
In principle, deposition is the reverse process of etching, by
inverting the polarity of the pulse. The charging process laid out
above is therefore expected to be equivalent, where it should be
noted that additional eﬀects such as mass transport limitations
or potential barriers for nucleation can aﬀect the growth process.
Based on eqn (2), the distance of signicant charging, or localisﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 
C
zation, is proportional to LfD
, such that low diﬀusion
3T
Comparison of the spatial extent of the electrochemical
etching reaction reported in literature (symbols), with that predicted by
the diﬀuse layer charge relaxation description using eqn (2) (the
matching lines:symbols are dash-dotted:diamonds, solid:squares,
long-dash:circles, short-dash:triangle, dash-dot-dot:side-triangle).
The results are in good agreement, within a relative error of 50% for
all datapoints. The legend indicates the electrolyte concentration and
etched material. The works considered are references.11,12,32.
Fig. 3

etched material. The gure shows that the linear relation
between etching resolution (or extent) and the pulse time is
captured by our model. Moreover, the predicted etching resolution given by eqn (2) (lines) match the literature closely
(within a relative error of 50%, ESI-2†), in particular for the
shortest pulse times. It is important to note that this implies
that the resolution for a given pulse length is limited by the fast
diﬀusion of protons in water-based electrolytes, in line with the
sub-ns pulses required for localization of 100 nm as reported
for electrochemical etching.11 This good agreement for the
etching reactions suggests that the diﬀuse layer description and
sC are good indicators to a priori predict the extent of electrochemical reactions in response to a potential pulse at a nearby
point-electrode.

coeﬃcients provide the highest resolution. Given the fast diﬀusion of protons, dimethyl sulfoxide (DMSO) is used as a solvent
rather than a water-based electrolyte, similarly to what has been
reported previously as a means to increase resolution for the
localized etching of gold attributed to the viscosity of the
liquid.25,26,35 This is depicted in Fig. 4 showing the distance of
signicant charging determined for a 50 mM Co salt using eqn (2)
when considering either the diﬀusion coeﬃcient of Co in DMSO
(D ¼ 7  1011 m2 s1,36 le), or the diﬀusion coeﬃcient of
protons in water for the same electrolyte (D ¼ 1  108 m2 s1,
right). Owing to the diﬀerent diﬀusion coeﬃcients of the fastest
ionic species in the electrolyte, the distance of relevant charging
is two orders of magnitude smaller for Co in DMSO for the same
pulse conditions. The distance of signicant charging from the
tip is directly linked to the localization of the electrochemical
reactions and therefore the writing resolution. We therefore
consider the absence of protons to be an important factor, where
the resolution could be improved by a factor 100 based on the
diﬀerence in diﬀusion coeﬃcients. As stated above, the gure
also highlights that the achievable localization depends on the
potential of the pulse with respect to the required potential
(Vpulse/Vreq), which determines a in eqn (2). The larger the Vpulse/
Vreq ratio, the shorter the pulse width must be to achieve a given

Fig. 4 Contour plot of the maximum distance between 2 electrodes where electrochemical reactions are allowed due to signiﬁcant charging,
using eqn (2) as a function of pulse width and pulse height normalized to the required potential (determining a). Diﬀusion coeﬃcients of 7  1011
m2 s1 and 1  108 m2 s1 are used for Co in DMSO (left) and protons in water (right), respectively, with 3DMSO ¼ 46.7 and 3water ¼ 80.1.
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desired resolution, which might lead to nonpractical pulse
values. It is worth noting that when considering the extent of
charging near a scanning probe, reaction proles can be limited
by the tip radius and shape. This is particularly relevant when
considering the DMSO solvent in Fig. 4a, yielding values below
typical dimensions of the tip (<10 nm). This is an example for Co
metal deposition, but can be translated to other material systems
that can be electrodeposited, where the resolution can be similarly tailored through the Vpulse/Vreq ratio and pulse width. For
practical reasons, an important consideration is the reversibility
of the deposition reaction. This requires most careful control of
the substrate potential in the case of highly reversible deposition/
dissolution, to prevent global deposition on the substrate to
occur, while also preventing dissolution aer deposition.26 For
the validity of eqn (2) it is worth realizing that the described
model relies on a capacitance of the interface based on the Gouy–
Chapman model,33 which is known to not always be valid in e.g.
cases such as high potentials.29 Further, eﬀects related to e.g.
mass transport and nucleation are not captured.
The setup used for deposition was as follows. The STM tip
was coupled to a bipotentiostat in a 4-electrode setup and could
be switched to a pulse generator by means of a relay, as is shown
schematically in Fig. 5a, and described in detail in the Methods
and ESI-3.† Importantly, to ensure that current ows between
the tip and the sample a home-built low-pass lter was included
to the potentiostat feedback loop, to prevent the counter electrode from counteracting the applied pulse. The electrochemical cell consisted of a Au(111) single crystal substrate with
two gold wires for both the counter electrode and as a quasireference electrode (QRE). The STM tips were either Pt or Pt–
Ir, and were coated with an insulating wax to decrease the
exposed area and minimize parasitic faradaic current along the
length of the probe. All experiments were done in ambient
conditions. Fig. 5b shows a cyclic voltammogram (CV) of the Au
substrate in 500 mM CoSO4 in DMSO (blue curve). The reduction reaction with an onset at 900 mV is associated with the
deposition of cobalt, as conrmed by in situ STM imaging (not
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shown). The cobalt dissolution is connected to the oxidation
wave starting at 400 mV, conrmed by the absence of this
wave when stopping the scan at cathodic potentials >900 mV
(grey dashed curve). Importantly the reduction/oxidation of
cobalt are separated in potential by a few hundred mV, which
provides an electrochemical window where the substrate
potential can be xed to prevent global deposition on the
substrate, and dissolution of the deposited structures.
To nd the maximum distance L from the tip where deposition occurs for a certain pulse width in the DMSO electrolyte,
the following experiment is conducted (Fig. 6a, and ESI-4†). (i)
Deposition is attempted by rst liing the tip by a certain height
and then sending a pulse train with a pulse width (tpulse) and
a period of 10 ms (104 pulses, ON value 2.5 V, OFF value 0 V). This
is repeated for ten locations spaced 50 nm apart in a single line
(where the tip is approached to the surfaces for each point
before liing), (ii) the surface topography is scanned to check
for deposition and in the absence of deposition the process is
repeated with increasing pulse ON time (tpulse) until deposition
is observed (ESI-5†), (iii) the process is repeated at an increased
li height. The routine then gives the minimum pulse width
required to initiate deposition for a certain li height, or
inversely, the maximum distance L over which suﬃcient
charging for deposition occurs for a certain pulse width. The
determination of L is thus reduced to a binary qualication of
the presence or absence of deposition, rather than attempting
to determine the maximum distance from the width of
a deposit.
In principle, this protocol is designed to reduce the experiment dimensionality to 1D, as it only considers the shortest
path from apex of the tip to the sample no matter the tip shape,
rather than considering the lateral extent of the growth. The use
of such a protocol is supported by the fact that we oen
observed deposits much wider than the li height despite not
observing any deposition at slightly smaller pulse widths, as
shown in ESI-5† for all datapoints. Sweeping the li height is
done at the same spot on the substrate, with the substrate

Fig. 5 (a) Schematic representation of the EC-STM setup, in a 4-electrode conﬁguration. Local deposition is induced by voltage pulses applied to
the tip, after lifting the tip by a distance lift height and changing its electronic connection from the bipotentiostat (WE 1) to an external pulse
generator. (b) Cyclic voltammogram on the Au (111) single crystal substrate in 500 mM CoSO4 (DMSO), at a scan rate of 100 mV s1. The
reduction (900 mV) and oxidation (400 mV) potentials for Co2+/Co are indicated (blue curve), and are not present when reversing the scan
at lower cathodic potentials (grey dashed curve). Typical tip and substrate rest potentials are indicated by the black arrows. Note that they are
separated by 200 mV to enable tunnelling feedback when scanning.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Illustration of the deposition protocol to determine the maximum distance over which deposition occurs. Deposition is attempted at
a certain distance L1 by increasing the pulse width until deposition is observed. The surface is scanned after every pulse sequence with a given
pulse width. Once deposition is observed, the sequence is repeated at a larger distance (L2) (b) tip lift height vs. pulse width, obtained with the
procedure illustrated in (a). The datapoints indicate the minimum pulse width at which deposition is observed, with error bars indicating the
longest pulse without deposition and the dashed lines being linear ﬁts to the data. The diﬀerent symbols indicate diﬀerent STM tips (shown in ESI6†). The bold lines (solid, dash-dotted) represent the expected distance from eqn (2), for the employed experimental parameters (see main text).

electrochemically cleaned between experiments through liing
of the substrate potential above the cobalt oxidation potential.
In all cases liing the potential resulted in the deposits dissolving, indirectly conrming that they consist of cobalt (ESI5†).
Fig. 6b shows the shortest pulse width for which deposition
occurred for a certain li height. The error bars indicate the
longest pulse for which no deposition was observed (10 ns for
the orange circles), and the dashed lines are linear ts to the
data, illustrating the linear dependence on pulse time as predicted by the model. The diﬀerent symbols indicate sequences
done with diﬀerent STM tips, with scanning electron microscope (SEM) images of the tips provided in ESI-6.† The experiments were done in a 50 mM CoSO4 (DMSO) solution (which is
one order of magnitude lower than that used for the CV in
Fig. 4). The substrate rest potential was empirically chosen to be
right before cobalt deposition was observed with the STM
(700/900 mV (circles, squares), and 850 mV/1050 mV
(diamonds) vs. Au QRE, respectively.). The tip rest potential was
set 200 mV positive to that of the substrate to enable imaging.
Given that the substrate is already almost at the required
potential for cobalt reduction and that the potential diﬀerence
between cobalt reduction and DMSO oxidation is found to be
1.7 V, we estimate a required potential of 1.5 V for the tip.
The bold lines (solid and dash-dotted) correspond to the
values predicted by eqn (2), where a is 0.92 for Vpulse ¼ 2.5 V
and Vreq ¼ 1.5 V based on the separation of the main reduction
and oxidation features in the CV in Fig. 5b, and using 3DMSO ¼
46.7 to obtain lD. Curves are shown for both a diﬀusion coefcient of cobalt in DMSO of 5  1010 m2 s1, based on
measurements of CoCl2 in water37 and scaled with the viscosity
h of DMSO (hwater : hDMSO ¼ 1 : 2, with D f 1/h using Walden's
rule), and for D ¼ 7  1011 m2 s1, found in literature.36 The
diﬀerence between those values is expected to be due to the

solvation of cobalt ions with either water or DMSO. As our
experiments are carried out under ambient conditions, and the
DMSO is hygroscopic, the actual diﬀusion coeﬃcient is expected to be in between these values depending on the cobalt
solvation.35
From the gure it can be seen that the distance over which
deposition occurs increases linearly with the pulse width, as
expected from eqn (2). It is worth mentioning that we observed
deposition in aqueous electrolytes (50 mM CoSO4 (aq), pH 4)
for 10 and 20 ns pulses at li heights of 200 and 500 nm
respectively, with otherwise unchanged experimental conditions (ESI-7†). As such, the potential pulse is much more
conned in the DMSO electrolyte (60), in line with the
expectation from the diﬀuse layer charging description.
Despite the qualitative agreement between the diﬀerent
datasets and the model, the local charging appears to require
longer times than the model predictions from eqn (2). It is
worth mentioning that the experiments were executed using the
same stock solution in the chronology of decreasing slope
(circles, diamonds, squares), which could indicate some eﬀect
of aging of the electrolyte. From the model perspective, such
deviation can be either due to an increased a due to an
underestimated required potential, or non-ideal charging. The
latter can potentially be due to parasitic capacitance of the STM
tip, as the diﬀerent datasets were performed with diﬀerent STM
tips. It should be stressed that the model considers 1D charging
and an instantaneously applied potential between the 2 electrodes. Parasitic charging along the STM tip might therefore
perturb the pulse arriving at the apex, which we cannot measure
in our experimental setup. In fact, it has been demonstrated
recently that the machining resolution of a pulsed etching
process can be improved for a given pulse length by introducing
an additional capacitor that slows down the charging,38 further
suggesting that pulse deformation at the tip may be responsible
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Fig. 7 (a) STM topography images of lines written at diﬀerent lift heights by 10 consecutive pulse sequences, spaced 50 nm apart (red dots in ﬁrst

panel). The scale bars are 200 nm. (b) Proﬁle averaged along the length of the lines in (a) for diﬀerent lift heights (solid, 10 nm, dashed, 20 nm,
dash-dotted 30 nm, the arrow indicating increasing lift height). The width of the lines to compute Lmax is taken as the width above 1 nm (red line).
(c) Lmax as deﬁned in the text as the shortest path from the tip to the edge of the deposit for diﬀerent lift heights. (d) Full width at half maximum
(FWHM) of the lines as a function of lift height.

for the discrepancy between the model and experiments.
Compared to the etching experiments considered in Fig. 3,
diﬀerences for the deposition considered here might further
arise due to eﬀects related to mass transport and nucleation.
Strikingly, we also observe that the linear ts to the three
datasets are oﬀset with respect to the x-axis, and intercept the yaxis at the same point, 25 nm  1 nm. As this oﬀset is in the
order of the expected tip radius (Rtip) this is reminiscent of the
theory used to describe tunnelling in a STM, where a spherically
symmetric tip is eﬀectively equivalent to a point located at
distance Rtip from the apex.39
Direct electrochemical writing of cobalt nanostructures
Finally, we demonstrate the possibility of nanoscale writing using
this method. Fig. 6a displays the height proles of lines written at
diﬀerent li heights of the tip. The lines are 500 nm in length,
and are written with 10 consecutive pulse sequences positioned
50 nm apart, as indicated by the red dots in the rst panel. At
every point the tip is approached to the surface and is then
retracted by a certain li height aer which a pulse train is sent.
For the lines in Fig. 6a the pulse train consists of 2000, 5 V pulses
of 100 ns, with a 10 ms period. The experiments were done in
a 500 mM CoSO4 (DMSO) solution. The tip/sample potentials are
kept at 500/700 mV vs. Au QRE. Additionally, the low level
(OFF value) of the pulse to the tip is set to 1 V to reduce the total
required charging time. Again, dissolution of written lines by
raising the substrate potential was conrmed (not shown). From
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the STM images, a writing linewidth of 50 nm is observed (full
width at half maximum, FWHM). Fig. 7b and c illustrate the
robustness of the localization by considering the distance Lmax
from the edge of the line prole to the tip position
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðLmax ¼ lift height2 þ ðw=2Þ2 Þ, with w taken as the width of
the deposit higher than 1 nm. This maximum lateral charging
distance is found to be constant at 55 nm, which agrees with
the absence of deposition at a li height of 60 nm and highlights
the applicability of the mechanism for in-plane lateral growth.
The shape of the lines changes as a function of the li height
however, as illustrated by the FWHM in Fig. 7d. In fact, the aspect
ratio of the line can be modulated further by varying the number
of pulses (ESI-8†). It should be noted that in this case signicant
charging up to 800 nm from the probe is expected from eqn (2)
(using D ¼ 7  1011) due to the high applied potential and
consequently low value of a. Charging therefore appears to be
slowed down signicantly compared to the prediction, which
could be related to breaking down of the underlying Gouy–
Chapman model assumptions at these applied potentials.29

Conclusions
In conclusion, we use the framework of diﬀuse layer charging to
describe the localization of electrical double layer charging in
response to a potential pulse applied to a probe, for the purpose
of conned electrochemistry. The resolution for electrochemical
etching demonstrated in the literature is found to be accurately
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described in terms of fundamental constants of the electrolyte,
using this diﬀuse layer time constant. The presented model
therefore provides a means to predict the extent of the electrochemical reaction a priori in terms of the experimental parameters. A relevant consequence is that the use of aqueous
electrolytes could be detrimental to the achievable resolution due
to the high diﬀusion coeﬃcient of protons, therefore requiring
extremely short pulses as observed in literature for electrochemical etching. This concept is applied for the inverse process
of local electrodeposition through decreasing the extent of
signicant double layer charging by using DMSO as a solvent to
achieve a slower diﬀusion of ions in solution, due to the absence
of protons. In accordance with literature we demonstrate that
this drastically improves the localization of the pulse compared
to aqueous solutions (60). Finally, we show that pulsed
deposition can be used for direct-write patterning purposes,
achieving a linewidth of cobalt lines of 50 nm, which can
potentially be reduced further by optimizing experimental
parameters such as the employed pulse (pulse height and rest
potentials), solvent, and the radius of the tip. While the present
demonstration is limited to mainly in-plane writing, the
changing aspect ratio of the structure at larger pulse numbers
suggests that this could be expanded to further growth in the out
of plane direction. This framework is expected to be general and,
as highlighted in Fig. 4, can be used to predict the resolution for
the electrochemical etching and writing of other materials. An
important consideration is the reversibility of the deposition
reaction however, requiring most careful control of the substrate
potential in the case of highly reversible deposition/dissolution.
Examples of such potential material systems for local SPM
deposition could be metals such as Al,40 or even semiconductors
like PbO2.41 More broadly, this framework can be used to predict
the spatial extent of pulsed potential techniques applied to an
electrochemical scanning probe.

Methods
Solution preparation
Solutions were prepared in glass vials cleaned in acid piranha
and washed with MilliQ® water. Solutions were prepared with
CoSO4$7H2O powder (99.999%, Alfa Aesar, Germany) in
dimethyl sulfoxide (DMSO, analytical reagent grade, Fisher
Scientic UK).
Tip preparation
PtIr STM tips were purchased from NaugaNeedles (NN-USPtIrWR250, nominal radius 25–50 nm). An electrochemically
etched Pt wire tip was used for the orange circle datapoints in
Fig. 6. All tips were coated by pulling them through a heated
thermoplastic wax (Apiezon, wax W).
Electrochemical setup
The electrochemical cell was made from polychlorotriuorethylene. The sample was Au single crystal ((111)-out-of-plane <
1%, 99.999% purity, Mateck, Germany). For the experiments in
Fig. 6 (diamonds, squares) the sample was cleaned by cyclic
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voltammetry in water with low amounts of sulfuric acid (H2SO4)
prior to the deposition sequence.
Electrochemical pulsed STM electronics
Measurements were conducted with an STM (Cypher-AFM in
STM-mode, Asylum Research, USA). Potentials were controlled
with a bipotentiostat (PGUmicro, IPS, Germany), and pulses
were supplied by an external pulse generator (2  81111A,
Agilent, USA). Liing the tip for deposition experiments was
done through a closed loop piezo controlled z-motor. A detailed
description of the setup can be found in ESI-3.†
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from ETH Zürich through grant no. ETH 47 14-2. Electronmicroscopy analysis was performed at ScopeM, the microscopy platform of ETH Zürich. A. R. would like to thank Prof. Dr
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