
INTERPHASE
On Nanofabrication and Electrical Double Layer Dynamics with

Electrochemical Scanning Probes



Ph.D. Thesis, University of Amsterdam, January 2021
Interphase: On Nanofabrication and Electrical Double Layer dynamics with Electrochemical
scanning probes
Mark Aarts

ISBN: 978-94-92323-45-3

The work described in this thesis was performed at
NWO-Institute AMOLF, Science Park 104, 1098 XG Amsterdam, The Netherlands.

This work is part of the Dutch Research Council (NWO).

A digital version of this thesis can be downloaded from
http://www.amolf.nl



INTERPHASE
On Nanofabrication and Electrical Double Layer Dynamics with

Electrochemical Scanning Probes

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor

aan de Universiteit van Amsterdam

op gezag van de Rector Magnificus

prof. dr. ir. K.I.J. Maex

ten overstaan van een door het College voor Promoties ingestelde commissie,

in het openbaar te verdedigen in de Agnietenkapel

op dinsdag 26 januari 2021, te 15:00 uur

door Mark Aarts

geboren te Leiden



ii

Promotiecommissie

Promotor: prof. dr. A. Polman Universiteit van Amsterdam
Copromotor: dr. E. Alarcón-Lladó AMOLF

Overige leden:
prof. dr. J.W.M. Frenken Universiteit van Amsterdam
prof. dr. P. Schall Universiteit van Amsterdam
dr. K. Newell Universiteit van Amsterdam
prof. dr. F.G. Mugele Universiteit Twente
prof. dr. P.E. de Jongh Universiteit Utrecht

Faculteit der Natuurwetenschappen, Wiskunde en Informatica.



Table of Contents

Table of Contents iii

1 Introduction 1

1-1 Electrocrystallization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1-2 The Solid-liquid Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1-3 Electrochemical Scanning Probe NanoLithography . . . . . . . . . . . . . . . . . 8

1-4 Direct current (DC) nanoscale electrochemistry . . . . . . . . . . . . . . . . . . 11

1-5 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Direct nanoscale writing through double layer perturbation 17

2-1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2-2 Direct writing of copper nanostructures . . . . . . . . . . . . . . . . . . . . . . 18

2-3 Influence of electrochemical parameters . . . . . . . . . . . . . . . . . . . . . . 20

2-4 Influence of tapping dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2-5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2-6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2-7 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2-8 Supplementary information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3 Shape evolution in nanoscale electrocrystallization 35

3-1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3-2 Out-of-plane growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36



iv TABLE OF CONTENTS

3-3 Nanoscale shapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3-4 Growth from a dilute 1 µM CuSO4 electrolyte . . . . . . . . . . . . . . . . . . . 40
3-5 Statistical analysis of growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3-6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3-7 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4 Pulsed electrochemical scanning probe nano-lithography 47
4-1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4-2 Comparing diffuse layer charge relaxation to machining literature . . . . . . . . . 49
4-3 Nanoscale electrodeposition with an STM . . . . . . . . . . . . . . . . . . . . . 50
4-4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4-5 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4-6 Supplementary information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5 Potential dependent adhesion mapping 61
5-1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5-2 Adhesion mapping with potential control . . . . . . . . . . . . . . . . . . . . . . 62
5-3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5-4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5-5 Supplementary information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6 Nanofluidics in microscopic systems 73
6-1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6-2 Conductance measurements in an asymmetric microchannel . . . . . . . . . . . . 75
6-3 Ion current rectification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6-4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6-5 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6-6 Supplementary information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Summary 83

Samenvatting 85

List of Publications 89

Acknowledgements 91

References 93







Chapter 1

Introduction

Few things have impacted modern society as much as the advent of nanotechnology, which
is now ever present in industries, homes, and pockets. However, with the famously predicted
room at the bottom indeed being ’plenty’, this description is less applicable to the amount
of techniques capable of patterning at the smallest scales. Large-scale nanofabrication is in
fact dominated by optical lithography, which is increasingly running into resolution limits
imposed by the wavelength of the used light. Resolving this by the use of smaller wavelengths
is possible (up to a point), but very costly, with ASML’s latest extreme ultraviolet lithography
machines priced over 100 M€.
A different long-standing strategy for nanofabrication has been the use of scanning probes,
where a sharp tip interacts with-, and modifies the surface. With the capability of patterning
with single atom resolution, scanning probe lithography (SPL) has resulted in some of the
most well-known images in modern physics, such as the atomic IBM logo, and the quantum
corral [1, 2]. A major drawback however has been the throughput, which is rather low for
SPL in ultra high vacuum (UHV), being around ∼ 15 orders of magnitude slower than optical
lithography systems. Yet, recent advances in ambient SPL have shown greatly enhanced
writing speeds (∼ 10 orders of magnitude), making it competitive for some applications
[3]. In fact, commercial SPL systems such as the NanoFrazor (SwissLitho, now Heidelberg)
with single-digit nanoscale resolution have recently become available. An additional boost
in throughput, as was also pursued in IBM’s Millipede project, can be achieved by mass-
parallelization of simultaneously writing tips [4]. As such, SPL is rapidly progressing towards
the required writing speed for more widespread application.
A distinct advantage of SPL over optical lithography is the wide variety of available tip-sample
interactions. A subset of SPL techniques therefore allows for additive manufacturing, which
is recently getting more attention at the nanoscale [5]. Combined with the spatial freedom
of a scanning probe, this ultimately allows for the direct free-form writing of arbitrary 3D
structures [6], enabling the fabrication of novel device architectures which can for example
provide enhanced mechanical [7], optical [8], and chemical [9] properties.

With this goal of free form additive manufacturing in mind, an attractive option is the use of
localized electrocrystallization. Electrochemical deposition is typically done in solution, thus
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avoiding the need for UHV. Furthermore, as growth is controlled by a potential and often
done near equilibrium, this can lead to high quality of the deposited metals or semiconduc-
tors, without the need for high temperatures. Importantly for 3D structures, electrochemical
deposition can be done in a continuous fashion. As such, local electrodeposition has also
recently resulted in commercialization of a scanning probe system, with the FluidFM (Cyto-
surge) currently printing at submicron scales.
Confining local electrocrystallization further to scales below 100 nm has proven difficult how-
ever. While the electrochemical deposition process is governed by the interface, further con-
finement often involves bringing the probe very close to the substrate. The resulting confined
system is influenced by interactions with the probe and can give rise to new effects, as the
dynamics of the interfacial region are relatively unknown at the molecular level.
Fundamentally, localizing electrochemistry is about control over the behavior of ions at or
near the electrified interface. This thesis therefore explores ion dynamics at the nanoscale.
We do this primarily for the purpose of scanning probe nanofabrication, but also with the
aim of considering the inverse problem, using confined electrocrystallization to shed light on
the local processes at the interface.
This first chapter introduces some of the concepts regarding electrocrystallization and the
solid liquid interface, in sections 1-1, and 1-2. Section 1-3 reviews the history of electrochem-
ical SPL. We then present an estimate for the achievable degree of localization in section 1-4,
which will serve as an initial hypothesis for the rest of this thesis, of which the outline is
provided at the end of this chapter.

1-1 Electrocrystallization

Electrochemical equilibrium

With the aim of controlling electrodeposition at the nanoscale, we first consider the conditions
under which electrochemical deposition occurs. As the name implies, electrochemical reactions
are mainly controlled by an electrical potential. Therefore, the chemical potential of a species
j, is often described in terms of the internal chemical potential µj and a term for the electric
potential φ, giving the so-called electrochemical potential µj ,

µj = µj + zjFφ (1-1)

where zj is the charge number and F the Faraday constant. When considering a system
with multiple phases however, such as a metal electrode in solution, the electric potential
in the two phases is typically not the same. A nice illustration is given in the book by
Staikov [10] for a metal electrode immersed in an electrolyte with its metal ions Az+. In
equilibrium, the electrochemical potential of both the solution and the crystal have to be
equal (µA,s = µA,c). With the internal chemical potential µj defined analogously to that
for an ideal gas (µj = µ0

j + RT ln( Pj
P 0
j

), with µ0
j the standard chemical potential P(0) the
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(standard) pressure, R the gas constant, and T the temperature) this yields,

µA,s = µA,c

µ0
A,s +RT ln(aA,s) + zAFφs = µ0

A,c + zAFφc

φc − φs = ∆µ0

FzA
+ RT

FzA
ln(aA,s) (1-2)

With ∆µ0 = µ0
A,s − µ0

A,c, and where the activity a is typically equal to the concentration
cA, in dilute electrolytes1. Equation 1-2 is just a form of the Nernst equation, and has the
interesting result that the immersed electrode in equilibrium will set up an electric potential
difference, φc − φs = Eeq, with the solution, which depends on the concentration of ions in
the electrolyte.
This is illustrated in Fig. 1-1, which shows the potential difference between the electrode
and the solution as a function of the ion activity, yielding an equilibrium curve (black solid
line). This line separates two regimes, where the system is in electrochemical undersaturation
(µA,s < µA,c), or supersaturation (µA,s > µA,c), depending on whether the system is above or
below the equilibrium line, respectively. In either case, there will be an electron flow to restore
equilibrium; in supersaturation through the oxidation of the crystal (negatively charging the
electrode), or in undersaturation through the reduction of metal ions (negatively charging the
solution). From the figure it now becomes apparent that there are 2 main ways to achieve
supersaturation, and subsequent metal ion reduction, as illustrated by the dashed arrows; i)
by lowering the potential difference φc−φs, and ii) by increasing the ion activity, e.g. through
increasing the ion concentration. In order to localize electrochemical deposition for scanning
probe lithography, one would therefore require an inhomogenous profile of either of these
two quantities across the substrate-solution interface so that supersaturation is achieved only
close to the tip.

 a

c-
s

µs > µc

µs < µc  Eeq

Figure 1-1: Schematic depiction of the equilibrium potential, φc−φs = Eeq as a function of ion
activity for a system with metal ions and an electrode of the same species (black solid line), or
a foreign substrate (grey dashed line). The line separates a region of supersaturation (indicated
by the black dot), where metal ions reduce on the substrate, and undersaturation, where the
electrode oxidizes. Adapted from reference [10].

1The concentration is corrected by a coefficient to yield the activity, capturing ion-ion and ion-solvent
interactions [11]. For the crystal the activity is set to 1, which is why the natural logarithm does not appear
in the expression for its electrochemical potential.
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An interesting consequence of the thermodynamic description above is the phenomenon of
underpotential deposition [12, 13]. In the previous example, where the metal ions are of the
same species as the electrode, ∆µ0 in equation 1-1 is taken to be constant as ions move
from or onto the electrode. More often, deposition will take place on a foreign substrate
however. In that case it is easy to imagine that ∆µ0 takes a different value, as the difference
in standard chemical potentials of the solution and the crystal is not the same, which shifts
the equilibrium curve. If this difference in chemical potential is larger for the foreign substrate
than it would be for an electrode of the same material, the equilibrium curve for the metal ions
with respect to the foreign substrate moves up in Fig. 1-1, as is illustrated by the grey dashed
line. At electrode potentials between the 2 curves deposition is only possible on the foreign
substrate and not on the native metal. This then opens a window of φc − φs potentials in
which deposition will occur as a single layer, as to cover the electrode with the corresponding
metal after which equilibrium is attained.

Kinetically controlled growth

In electrochemical deposition the system is typically continuously driven out of equilibrium,
e.g. by applying a potential difference between the substrate and the liquid. As outlined
in the previous section, thermodynamics then tells us that this will drive metal reduction,
but the deposition rate is determined by the reaction kinetics, which can vary dramatically
(electrochemical rate constants can vary by over 10 orders of magnitude [14]).
The current density resulting from metal reduction (or oxidation), which is also called the
Faradaic current for electrochemical charge transfer at an electrode, typically depends ex-
ponentially on the applied potential, given by the well-known Butler-Volmer equation. It
expresses the total electrochemical current as a sum of the reduction and the oxidation reac-
tion, that both depend exponentially on the potential difference with equilibrium,

JBV = J0 ∗ (e
(1−α)nF
RT

η − e
−αnF
RT

η) (1-3)

Here T , F , and R are the temperature, Faraday-, and gas constant, respectively, n is the num-
ber of electrons in the reaction, and η the overpotential, or potential difference with respect
to the equilibrium E − Eeq. J0 is the exchange current density, and is a key parameter in
determining the rate of the reaction at a certain overpotential. Considering the temperature
dependence of equation 1-1, it makes sense that the equilibrium curve in Fig. 1-1 denotes a
dynamic equilibrium for a system at finite temperature. As the electrochemical potential is
the same in both phases, both oxidation and reduction reaction occur continuously as elec-
trons are transferred across the interface in both directions through thermal fluctuations. As
there is no net electron transfer across the solid-liquid interface along the curve, the rates of
both reactions have to balance each other at equilibrium, yielding the exchange current. As
such, the exchange current is a metric for how kinetically easy the reaction is.
Finally, α denotes the transfer coefficient, prescribing the symmetry of the forward and back-
ward electron transfer. While their rates are equal at equilibrium, these do not have to change
in the same way when the system is not. The transfer coefficient was introduced to capture
the difference in the change of the energy barrier away from equilibrium, and can for example
yield an asymmetric J − η curve as will be illustrated in section 1-4.
Besides potential and ion activity, kinetics or exchange rate offer another way of local control
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over the reaction. Here we can imagine certain locations on the substrate that provide a
higher reaction rate, so that deposition will occur faster/only at those locations. An exam-
ple of this is the use of step edges for preferential deposition, which has been used for the
electrochemical deposition of horizontal nanowires [15].

A relevant example of different electrochemical rates for this thesis is that of copper deposi-
tion on a gold substrate from an aqueous solution containing sulphates. This is illustrated in
Fig. 1-2a, showing a crystalline copper particle nucleated by means of a potential pulse. The
AFM topography image (left) is transformed to represent the inclination of the topography
with respect to the substrate (right), so that a constant slope is represented by the same
color. The particle is highly faceted, represented by the equal-angle planes. Based on the
shape of these facets and their orientation with respect to each other and the substrate, we
can identify two types of facets with the {111} and {100} crystal orientation of the fcc crystal,
slightly tilted with respect to a {110} growth direction.2 [16, 17]. This faceting is typically a
result of the different crystal planes having a different growth rate, where the slower growth
directions result in exposed facets.

200 nma)

b)

-25

90°

{100}

{111}

0

Figure 1-2: a) AFM topography (left) and inclination (right) image of an electrodeposited copper
crystal. The {111} and {100} oriented facets are indicated. b) Subsequent inclination images as
the crystal dissolves preferentially on certain facets. The time between images is ∼1 minute. The
scale bar is 200 nm in all images.

2the {111} and {111} facets have an angle of 70° (30°+ 40°), and the {100} and {100} facets have an angle
of 90° (40°+ 50°), with respect to the base.
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While the faceted nature of the deposit does not have to be a direct consequence of different
electrochemical rates, as growth can also occur through other processes such as surface dif-
fusion [18], the different rates are seen more clearly in the time evolution of the island as it
dissolves. Fig. 1-2b shows AFM inclination images as the particle dissolves over time, where
the {100} planes do so much faster than the {111} facets in this case.
In this example, the growth/dissolution kinetics are generally governed by the surface energy
of the different crystallographic orientations [19], with high energy planes growing/dissolving
the fastest. Fig. 1-2 therefore implies that the order of surface energies for this system is
{111} < {100} < {110}, in accordance with literature [20]. Additionally, these electrochem-
ical rates can be affected by the specific adsorption of ions to certain planes, where in our
example sulphates are known to adsorb to Cu{111} [21]. Consideration of the electrolyte
and associated passivation of certain crystal orientations is therefore one of the examples in
controlling the growth rates of different facets, providing fine control over the resulting crystal
morphology [22–24].

1-2 The Solid-liquid Interface

The previous section considered electrochemical growth through charge transfer across the
solid-liquid interface, where this charge transfer is described by the Butler-Volmer model as a
function a potential difference between the solid and the liquid. As the charge transfer across
the interface is ultimately an electron tunneling process this implies that the potential drop in
the liquid has to occur very close (nanometers) to the interface. While a rigorous description
of the solid-liquid interface is beyond the scope of this chapter, this section introduces some of
the relevant length,- and time scales associated with the potential distribution at the interface.

The Electrical Double Layer

Solutions with a dissolved electrolyte contain free charge carriers in the form of mobile ions.
In fact, imagining the simple case of a dilute 1:1 electrolyte where both ions have the same
mobility, the liquid can be considered somewhat ’metallic’ as ions will redistribute to screen
internal electric fields, and excess charge will be located at the boundary of the solution.
For example when placing a polarized electrode in the solution (which we take here to be
’blocking’, or without Faradaic currents), the electric field will be compensated by ions close
to the electrode surface, so that the potential difference naturally occurs near the interface.
These spatially separated charge distributions on the electrode and in the solution are referred
to as the Electrical Double Layer (EDL). The length scale associated with this electrical
screening is given by the Debye screening length,

λD =
√

εε0kBT

2z2e2NaC
(1-4)

Where ε and ε0 are the relative and vacuum permittivity, respectively, kb is the Boltzmann
constant, T is the temperature, z is the charge number, e the elementary charge, Na the
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Avogadro constant, and C the concentration of the electrolyte. As λD ∝
√

1
C , the screen-

ing length can vary by ∼ 3 orders of magnitude for different concentrations, ranging from
angstroms at C = 1 M to a few hundred nanometers at C = 1e−6 M.
The potential extending into the liquid will then typically have an exponential profile with
the decay length, or distance for the e−1 value of the potential, given by λD. The exponential
shape is determined by a dynamic equilibrium of electrostatic interactions between ions and
the charged surface, and randomization through thermal processes. The screening of charges
on an electrode surface therefore results in a somewhat loosely bound region of an increased
(decreased) concentration of counterions (coions) near the surface, which is known as the
diffuse,- or Gouy-Chapman layer. [14]
The diffuse layer is only one part of the general description of the structure of the inter-
face, which is complimented by an additional layer, or Stern layer, accounting for specific
adsorption of ions at the electrode. Furthermore, the potential profile in the diffuse layer is
exponential only in the limit of low potential differences between the electrode and the liquid
(V « kbT

ze ∼ 25mV ). As such, the actual potential profile deviates from the purely exponential
decay, through e.g. specific adsorption, high applied potentials, and/or steric effects [14,25].
It should be stressed that while we discuss the screening length in terms of the interface, λD is
not related to the electrode and is rather a material property of the electrolyte. It is however
the relevant length scale for the extent of the electric field into the solution and therefore the
only region in the electrolyte with a non-zero charge density.3

Charging the interface

With the screening of a surface charge on an electrode resulting in a spatially separated
charge distribution in the electrolyte, the interface is often modeled as a capacitor. As such,
upon the application of a potential difference between two electrodes the interface charges
over time as the ions redistribute in a process that is not at all trivial, even at low potentials
(below the thermal voltage, or ≤ 25 mV) [26]. The time scale over which the charging occurs
is dependent on λD, as it sets the distance over which ions have to migrate towards the
electrode. For example the time it takes for an ion to diffuse over a distance λD, the Debye
time τD, is given by τD = λ2

D/D, with D the diffusion coefficient. This is typically a very
fast process and therefore the initial part of EDL buildup, as the screening length is in the
order of nanometers. Full charging takes longer however, as ions need to be supplied from
the bulk through conduction. The associated time scale τC is given by τC = λDL/(2D),
with L the electrode separation, and also emerges as the RC time when considering the
interface as a capacitor charged through a solution resistance [27]. It is worth noting that
this time scale for charging of the interface is dependent on the electrode separation, as is also
stated in reference [26] by emphasizing "the fundamental coupling of double-layer charging
to bulk transport in finite polarizable systems". Finally, at much longer times τL, the ion
distribution at the interface equilibrates with the bulk concentration through diffusion at
times τL = (L/2)2/D. As a result, dynamic equilibrium (or steady state) is reached when the
electric field in the bulk solution vanishes and the charge at the electrodes is fully screened.
This charging process in the simple case of an instantaneously applied potential between two
electrodes is shown schematically in Fig. 1-3.

3This does not have to be so in more complex cases, e.g. systems that display liquid junction potentials
through ion mobility differences.
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L

time
λD

t >>τL τc

electrode electrode

Po
te

nt
ia

l

Figure 1-3: Schematic representation of the charging dynamics for 2 electrodes when a potential
is applied at t = 0 (green solid line). After the RC time τC the interface is partially charged, with
the remaining electric field further driving ion migration (red dash dotted line). At long times the
system equilibrates with 2 diffuse layers, confined to the screening length λD (blue solid line).
The Stern layer is disregarded in this image. The figure is based on reference [27].

1-3 Electrochemical Scanning Probe NanoLithography

In section 1-1 we defined three main ways of controlling electrochemical reactions; i) through
the applied potential, ii) a change in activity, and iii) a difference in the reaction rate. This
section will briefly look at methods that have been used for localization in prior work on elec-
trochemical scanning probe lithography (EC-SPL), which can often be interpreted in terms
of these mechanisms. For clarity, the material and typical dimensions (lateral dimension x
height), will be denoted for the works concerning deposition.
One of the early methods demonstrating electrochemical deposition at the nanoscale was
through the creation of local defects on an highly oriented pyrolytic graphite (HOPG) sub-
strate with an STM tip. Following the voltage induced pitting of the substrate in a silver plat-
ing solution, silver dots would deposit locally as the defect acted as nucleation center [28,29]
(Ag, ∼20x7 nm). In a similar fashion of locally enhancing the deposition rate, copper struc-
tures have been deposited by using an AFM to mechanically remove passivating layers at the
substrate, after which deposition occurs locally [30–32] (Cu, < 100x100 nm).
A conceptually different method was developed by Kolb et al [33, 34]. In this case metal
clusters were transferred to the substrate through mechanical interaction by first depositing
on the STM tip and then bringing the tip into contact with the substrate. This ’jump-to-
contact’ method was also demonstrated to be fast (50 clusters/second) and able to make large
patterns [35] (Cu, 4x1 nm).
A rather elegant adaptation of the process of depositing on the tip itself was developed by
Schindler et al. [36–39]. Initial loading of the tip is followed by ’burst-dissolution’ when re-
versing the potential, while keeping the substrate potential just positive of the deposition
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potential. The dissolution creates a high concentration of metal ions underneath the tip, and
locally shifts the equilibrium potential, following the explanation in section 1-1. Deposition
is then enabled locally, as the same substrate potential is at a slight overpotential for the
reduction reaction where the concentration is raised, but is at equilibrium for the bulk (Co,
Pb, ∼15x5 nm).4
Along this line of deposition through an inhomogenous concentration profile is the use of
confined systems, or local delivery, albeit through a very different mechanism than a shift
in the Nernst potential. Confined electrochemical oxidation by means of a water meniscus
forming between the tip and the substrate has been around since the early days of SPL [41],
but has been adapted to direct electroplating by the group of Yu [42]. They used a probe that
consists of a nanopipette, pulled from a glass capillary, and filled with the plating solution.
After bringing the pipette into (electrical) contact with the substrate through the droplet
sticking out of the nozzle, deposition is confined to the area of the meniscus. The meniscus
can be steered with the probe, tracking the deposit, and allowing for structures with any
aspect ratio. This technique has been used succesfully for multiple materials [43, 44], 3D
shapes [45], parallel layer-by-layer deposition [46], and integrated with a tuning fork feedback
system [47] (Cu, Pt, 150 nm diameter). In our lab, we have also used this scheme to print
copper and indium micropillars (Fig. 1-4). More recently, a similar strategy of local delivery
has been used inside an electrolyte bath without the metal ion, by injecting ions through the
nozzle [48] (Cu, 500 nm) and has even been integrated into AFM systems through hollow
cantilevers, also demonstrating layer-by-layer printing [6, 49,50] (Cu ∼, 800 nm diameter).
While local delivery strategies as described above are capable of printing complex 3D struc-
tures, the smallest features that can be printed are typically 1 to 2 orders of magnitude larger
than that of the aforementioned EC-SPL techniques, mainly due to limitations on the nozzle
size and diffusion/ejection profiles [5, 51].

Figure 1-4: SEM image of an indium pillar printed by meniscus confined electrodeposition using
a glass pipette. The scale bar is 5 µm.

4Getting ahead of an outlook, an approach that I would find interesting and has not been reported in
literature would be the use a conducting probe conformally coated by a dielectric. When polarizing the core
and using a proper dielectric cladding, this should result in a high concentration of ions near the tip that
screens the field, comparable to ref [40]. This ’concentration-probe’ could then also be used to locally shift the
Nernst potential, analogous to Schindler’s approach.
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A simple approach of direct electrochemical writing by means of local overpotentials has
proven difficult to implement at the nanoscale however. As a polarized probe is placed close
to the substrate, the electric field can become very large, which has been used in high-field
SPL techniques that use electron field emission or field-induced decomposition of precursors
for local deposition [52–56] (Au, 15x3 nm, Ni, 20x5 nm, Ge, 70x5 nm).
In electrochemical systems, electric fields are typically screened near the interface due to freely
moving ions, as discussed in the previous section. However, if the tip-substrate distance is
smaller than the screening length, electrochemical potentials become rather ill-defined. It
is then not straightforward to explain some of the local electrochemistry observed in SPL
literature for both etching and deposition. This has been attributed to electric fields due to
overlapping double layers [57–59], electrostatic repulsion of ions from the gap and/or shielding
by the tip [60], or other mass transport limitations [61] (Cu, 8x1 nm). Furthermore, a locally
increased concentration due to dissolution from the tip can not always be excluded, especially
for some works employing a more complex polarization routine than a single potential differ-
ence between the tip and the substrate [62,63] (Pb, 5x2 nm, Ag, 5x2 nm).
A more controlled technique in terms of defined local electrochemical potentials was devel-
oped by Schuster et al. By applying short (ns) pulses to a tip electrode, migration is highest
close to the probe due to a short tip-substrate path having a low resistance, so that the in-
terface charges more rapidly locally. This mechanism is described in terms of an equivalent
RC-model for the electrochemical system and is quite successful in predicting the localized
etching of metals [64–67] down to 200 nm wide lines [68], but does not seem to have the
same accuracy for deposition [61], possibly due to the considerations for the electrochemical
potential distribution mentioned above.
Finally, perhaps the most general form of direct electrochemical localization was shown using
the scanning electrochemical miscroscope (SECM), by simply applying a potential difference
between the tip and the substrate, originally in a conducting polymer electrolyte [69] (Ag, Au,
200 nm wide lines), but also using aqueous electrolytes [70–72]. Noteworthy in this context is
the strategy employed by the group of Heinze, called the ’chemical lense’ [73–76]. In this case
the metal ion complexes in the electrolyte, and the electrode tip produces a decomplexing
species. As a consequence, metal ions are freed near the tip, after which the ions can be
reduced at the substrate. As the complexing agent diffuses towards the electrode, and re-
complexes the metal ion, the writing resolution actually improves as the probe is positioned
further from the substrate. Using this mechanism, the chemical lense is one of the few schemes
that can decidedly write features smaller than the electrode size (10 µm wide, Ag).
To summarize; even when narrowing the scope of SPL to electrochemical techniques, quite
a few approaches have been developed in the last decades. Continuous direct writing at the
nanoscale using a potential difference remains elusive however, with one of the earliest works
being a rare example [77] (Au, 300x100 nm). The next section will attempt to outline the
requirements for confining an electrochemical reaction, using an electric circuit model similar
to the RC circuit used to describe the local charging with ultrafast pulses.
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As a starting point for the rest of this thesis, we estimate the degree of localization that can be
achieved with an AFM tip, based on a simple electrical circuit model of the system under DC
operation. Localized deposition by simply positioning a metal wire electrode closely above a
conducting substrate and applying a large bias potential has been demonstrated quite suc-
cessfully in micro-sized systems. This was pioneered by Madden and Hunter [78], showing the
free-form deposition of Ni, and has since been often demonstrated using Cu structures [79,80].
In these cases, localization is explained by means of the high electric field strength when the
probe is placed close to the sample, resulting in an image charge on the substrate and en-
hancing mass transport through migration [81, 82]. Potential (and growth) profiles are then
based on Laplace’s equation for the electric field in the absence of free charge, ∇2φ = 0.
Considering the discussion in section 1-2 this explanation should be used with caution how-
ever when the electrode separation is much larger than the screening length, as the electrolyte
is filled with free charge carriers in the form of ions and potentials applied to the electrode
are screened close to the surface by the diffuse layer. In fact, it is charge that passes through
the interface that creates potential differences and enhanced migration in the solution, rather
than the charge density on the electrode.
A different approach is to consider an electrical circuit for the Faradaic current flowing through
the electrode, rather than a model based on electrostatics. The condition that has been formu-
lated for localized deposition and 3D growth from efforts in the field of maskless electroplating
is that the electrolyte resistance Rel has to be much larger than that for charge transfer across
the electrode RCT [83]. This can be understood by considering a simplified Randles circuit
for the electrochemical system as shown in Fig. 1-5a. Here the solution resistance is modeled
by a resistor Rel, which depends on the resistivity ρ of the solution and the tip-substrate
distance, d. The interface consists of a capacitor for the electrical double layer parallel to a
voltage dependent charge transfer resistance RCT . Any effects related to mass transfer are
neglected here (i.e. we assume that the concentration near the interface is the same as in
the bulk, cinterface = cbulk)5. Under DC operation the double layer capacitance can be disre-
garded, so that the circuit reduces to two resistors in series. We now consider that the system
of a probe above a homogeneous substrate consists of many of such two-resistor circuits in
parallel. It then becomes apparent that the distance dependent Rel is the only way to create
an inhomogeneous deposition current along parallel current paths of different lengths from
the probe to the substrate, as RCT is the same over the whole substrate. This then leads to
the same condition Rel » RCT for 3D growth, as stated above.
This principle has been identified as a limiting factor in the direct fabrication of oxide struc-
tures in scanning probe lithography as the resistance of the growing phase quickly becomes
larger than that of the electrolyte, even in the case of ultrapure water, forcing the use of
meniscus-confined strategies [83–85]. However, while a large resistance is not expected to be
an issue for the growth of metals [10], the direct electrochemical writing of nanostructures by
means of DC resistance-based localization has been remarkably absent in literature [3,86,87].

5Some effects related to mass transport could otherwise be captured in an additional Warburg impedance
in series with RCT [14]
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Figure 1-5: a) Simplified Randles circuit, where the interface is represented by the double
layer capacitance in parallel with a charge transfer resistance. b) Polarization curves for an
ideally polarizable electrode (IPE, red), non-polarizable electrode (NPE, blue), regular Ohmic
resistance (yellow), and generalized charge transfer based on Butler-Volmer kinetics (green) with
J0 = 0.05 mA

cm2 and α = 0.9.

Before focusing on the conditions required for the localized deposition and 3D growth of metal
(nano)structures it is useful to first consider some I-V, or polarization, curves of electrochem-
ical elements, as shown in Fig. 1-5b. These curves can also be interpreted as the potential
difference required over the element for a certain current to flow. The extreme cases are
the Ideally Polarizable Electrode (IPE) and Non Polarizable Electrode (NPE) [14]. The IPE
corresponds to a flat line in the polarization curve, meaning that it can sustain an arbitrary
potential difference without allowing a change in the amount of current. The NPE, as its
counterpart, will always have a constant potential regardless of the amount of current flowing
through. It should be noted that this non polarizability is what is desired in a reference elec-
trode, as the electrode will have a constant potential difference with the solution, allowing
measurements with respect to that value.
Actual polarization curves will always show voltage dependent behavior in between these ex-
tremes, but can have similar characteristics on a certain potential range. To illustrate this,
Fig. 1-5b further shows a linear relation as expected from a regular Ohmic resistor, and that
corresponding to the Butler-Volmer (BV) equation from section 1-1 describing the electro-
chemical current across the interface. The shape of the BV curve in Fig. 1-5b is of particular
interest here, where J0 and α are chosen to make the curve asymmetric. As such, the resulting
curve is similar to an IPE at the displayed potentials positive of the equilibrium potential
Eeq, but resembling an NPE for higher overpotentials negative of Eeq as the current increases
exponentially.
Considering the aforementioned circuit of Fig. 1-5a consisting of two resistors, we can express
the applied potential as the sum of the potentials over the solution-, and interface resistance.
We use this as a model for a simple 2-electrode system consisting of an AFM tip above a
substrate, where we take the tip to be non-polarizable at 0 V,

Vapplied = Velectrolyte + Vinterface + Vtip = JBV (Vinterface)ρd+ Vinterface (1-5)

Substituting equation 1-3 for a reaction with Eeq = 0, so that η = Vinterface, equation 1-5 can
then be solved for the potential over the interface as a function of the applied potential. We
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Figure 1-6: a) The resulting potential across the interface as a function of applied potential
when the tip is 10nm from the surface. The red line is obtained using the resisitivity for 250 mM
CuSO4 (0.6 Ω · cm) and the blue line for ultrapure water (18 MΩ · cm). The black dashed curve
is the line Vapplied = Vinterface, indicating no potential drop in the electrolyte (i.e. Rel « RCT )
b) The calculated current density through the interface as a function of distance for the same
electrolytes, showing that the growth rate is constant for all distances in the high concentration
electrolyte, but can be localized for highly resistive solutions. The applied potentials are set to to
have a current density of 10 mA

cm2 at a distance of 10 nm.

apply this now to investigate the electrodeposition of copper as a model system.
The result for Vinterface as a function of Vapplied is shown in Fig. 1-6a for an electrolyte based
on 250 mM CuSO4 (red dash-dotted line, ρ = 0.6 Ω · cm [88]) and ultrapure water (blue solid
line, ρ = 18MΩ · cm) with the tip-sample distance set to 10 nm, and where negative Vapplied
are used to reflect that the metal deposition is a reduction process.6 The Vinterface-Vapplied
curve shown in Fig. 1-6a has 2 notable features; Firstly, while the whole applied potential
drops at the interface for low Vapplied, indicated by the dashed line Vapplied = Vinterface, the
interface becomes close to non-polarizable for higher values, analogous to Fig. 1-5b. As any
additional potential now mainly falls in the electrolyte this is essentially the condition Rel »
RCT required for 3D growth.
Secondly, this behavior is seen for both cases but does shift to higher overpotentials. This
implies that localization is possible for all concentrations, as long as the system is driven hard
enough.

To verify the degree of localization, we solve for Vinterface obtained at different tip-substrate
distances and apply this in equation 1-3 to obtain the current density. This yields the distance-
dependent current density for a certain driving potential, where the resulting current-distance
profile is shown in Fig. 1-6b on a log-log scale. Here, Vapplied is set to yield a current density of
10 mA

cm2 at a distance of 10 nm. From the figure, it is apparent that the current density drops
rapidly as a function of the distance for the resistive electrolyte, but it is virtually constant
at higher concentrations. With regards to the result from Fig. 1-6a, this should only mean
that the system is not driven hard enough. While this is correct from the model point of

6We further use the concentration dependent exchange current density using J0 = F ∗k0∗c. This expression
is also used to obtain a concentration-independent rate constant k0 = 1.25 ∗ 10−5cm/s using J0 = 0.3 mA

cm2

from reference [89]. This is based mainly on reference [14], even though this assumes the bulk concentration
of the reduced and oxidized species to be equal.



14 Introduction

view, integrating the current density over a circular area defined by distance yields that the
total current required to flow through the tip is ∼ 30 nA for the dilute case, but is already
∼ 0.6 mA for the higher concentration! From these results, it therefore does not seem feasible
to drive a nanometric probe at current densities high enough to establish localized growth, if
the electrolyte is not highly dilute.7

With the distance dependent current density, we are now in the position to predict the
degree of localization and shape of the obtained deposit, where we use the highly resistive
electrolyte, and take copper growth as a model system for the material parameters. It should
be noted that the ionic concentration of ultrapure water is ∼ 10−7M through the dissociation
of water (pH = 7), so that ∼ µM concentrations of copper salts are not expected to alter
the resistivity much. This is due to the high diffusion coefficient of protons by means of the
Grothuss mechanism [90], which is typically larger by an order of magnitude than that of
dissolved metal salts. We use a distance dependent growth rate given by,

Rate(d) = Ar
ρmF

J(d)
n

(1-6)

with Ar the atomic weight (63.546 g
mol for copper), and ρm the mass density (8.96 g

cm3 for
copper). Fig. 1-7 shows the expected growth profile evolution over time for a flat tip with
radius Rtip = 25 nm, where the tip is forced to be at 10 nm from the growing structure. The
applied potential is set so that the current density at the substrate directly underneath the
tip is 10 mA

cm2 .
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Figure 1-7: The resulting growth profile after 25 s using a flat tip with Rtip = 25 nm kept at
a height of 10 nm from the growing surface. The applied potential is set as to keep the current
underneath the tip at 10 mA

cm2 . Since the growth is faster underneath the tip, the growth ratio
(GR = rate(x=0nm)

rate(x=200nm) increases over time, as the surface effectively gets further away from the
tip position. The grey lines depict the profile every 1 s.

7As the slope of the J-distance plot is ∼ 1, but the integration area scales with distance2, the total current
actually increases linearly with the substrate area. The numbers in the text are obtained from figure 1-6, i.e.
integrated up to a distance of 100 µm
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The resulting profile predicts that a high degree of localization can be achieved when the
tip is positioned closely to the surface and driven at high currents, resulting in a sharp
feature where the half width at half maximum of the deposit extends to < 1 Rtip on either
side. Furthermore, since growth is accelerated underneath the tip, this results in a self-
improvement of the localization over time as the tip retracts, since the constant height of the
tip with respect to the growing structure means that the rest of the substrate is effectively
moving further away. This is indicated in Fig. 1-7 by the growth ratio, GR, taken as the
difference between the rate underneath the tip and at a distance of 200 nm.
Finally, it is interesting to note that the resulting profile in Fig. 1-7 is also Laplace-like, which
results directly from the Butler-Volmer equation in this case, rather than from an electrostatic
distribution. This is therefore an important result, as the circuit model also predicts a wide
deposition ’foot’ at the base of the structure, as found experimentally in micro electrochemical
deposition [80].

1-5 Outline of the thesis

Armed with this initial hypothesis for localized deposition from highly dilute electrolytes we
attempt the use of micromolar concentrations of copper salts for confined electrodeposition
in Chapter 2. We demonstrate the direct writing of copper nanostructures (< 100 nm)
using an atomic force microscope (AFM) and propose a writing mechanism based on periodic
charging and discharging of the electrical double layer with the AFM tip.
In Chapter 3, we investigate the growth dynamics of the structures deposited in the previ-
ous chapter. Due to the difficulties of characterizing these nanostructures, we compare the
directed growth with that in a regular electrochemical cell. We find that the tip-mediated
writing follows an isotropic growth step after which it is directed out-of-plane, resulting in an
increasing aspect ratio.
Chapter 4 explores a different mechanism of nanoscale electrodeposition, by applying short
voltage pulses to the tip of a scanning tunneling microscope. Again, we achieve a writing
resolution below 100 nm and we investigate the dependence of the achievable localization on
the charging dynamics of the interface, based on the diffusion coefficients of ions present. We
use a non-aqueous solvent for the deposition, and believe that this is key to achieve nanoscale
confinement, as the fast diffusion of protons delocalizes the charging profile in aqueous elec-
trolytes.
In Chapter 5, we map electrochemical changes of the surface as a function of the applied
potential, through the adhesion between an AFM tip and the surface. We show that this ad-
hesion force depends on the potential of the substrate, and is spatially inhomogeneous. This
is linked to the electrochemical state of the surface, where the adhesion denotes the varying
energy required for reorganization of the surface at different locations.
Lastly, in Chapter 6 we turn from current flow through,- to current flow along the interface,
and consider a microscopic device characterized by transport through the electrical double
layer. Specifically, we experimentally demonstrate the phenomenon of ion current rectifica-
tion in asymmetric microscopic channels, without chemical modification, and compatible with
standard CMOS fabrication techniques.





Chapter 2

Direct nanoscale writing through
double layer perturbation

This chapter demonstrates the direct writing of copper nanostructures using an oscillating
nano-electrode atomic force microscope tip (AFM). Strikingly we observe that deposition
only occurs at very low concentrations, but also requires particular combinations of the AFM
operating parameters. Based on our results, we propose a mechanism based on cyclic charging
and discharging of the electrical double layer (EDL). The extended screening length and
slower charging dynamics in dilute electrolytes allow the nanoelectrode to operate inside, and
disturb, the EDL even for large oscillation amplitudes (∼ 100 nm). This can not only be
used for controlled additive nano-fabrication but also provides insights into ion behavior and
EDL dynamics at the solid-liquid interface. The work in this chapter is reproduced from
reference [91] with permission from the Royal Society of Chemistry.

2-1 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 ther-
modynamics, 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 [92, 93]. This control would provide additional
freedom in designing free-form nano-architectures with extraordinary properties and func-
tionalities [5, 7, 8, 51]. One approach to confine growth is by spatially restricting the electro-
chemical cell or the feeding of precursors, such as in meniscus confined electrodeposition, local
dispensing of ions, or electrohydrodynamic jet printing [45,48,50,94–96]. A different strategy
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 micro-
electrodes, where the size of the electrode and its distance to the sample define the fabrication
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resolution [47, 82]. At the nanoscale, scanning probe microscopes (SPM) have demonstrated
high precision in nanostructuring metal, semiconductor and oxide surfaces under gas or liquid
conditions, based on a variety of tip-surface interactions [3,30,32,55]. 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 dif-
ficult, 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 [38], poor com-
munication with the bulk solution, and mass transport limitations preventing ion access into
the small gap [60, 72, 97]. 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 [40,98]. In the past years, several groups have focused on using SPM techniques to
probe the solid-liquid interface [99–106], in terms of specific adsorption [107], charge density,
and screening [108, 109]. In all these studies, care was taken to ensure minimal perturba-
tion 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 [57, 60]. 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 [64]. The authors described the reaction confinement by consid-
ering 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-µs) [27]. Interestingly, nanoscale local etching and deposition has been demonstrated
with µs pulses to a scanning tunneling microscope (STM) tip [61–63]. In this work, we take
advantage of the capabilities of an electrochemical atomic force microscope (EC-AFM) tip to
dynamically perturb the EDL in order to control growth at the nanoscale. 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 electrodeposition of copper on gold, with
lateral dimensions down to 50 nanometers and an aspect ratio slightly above 0.5 for a writing
speed of 3 nm s−1. 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 periodic disruption and build-up of the
EDL, followed by forced electrodeposition due to the strong perturbation of the electrochem-
ical 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, photodetectors and many other (opto)electronic devices on
the same platform with nanoscale resolution. Additionally, local deposition 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.

2-2 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 µM CuSO4). The
tip apex, with a nominal radius of 50 nm, is coated with platinum and is the only part of
the cantilever that is exposed to the liquid [110]. During writing, the AFM is operated in the
PeakForce (PF) tapping mode, where the cantilever is driven by a sinusoidal signal far below
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Figure 2-1: 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 µm long line deposited in a single EC-AFM pass at 3 nm s−1 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−1 and 3 nm s−1 with an applied
potential of 1.7 V. The writing in b) and c) were done in 1 µM CuSO4 solutions. The scale bar is
200 nm in b) d) In situ AFM topography, after following a 12 µm-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 µM). The deposition disappears by increasing the concentration. The scale bar is 2
µm.

its resonance frequency (2 kHz for the experiments in this chapter). The experimental setup
is depicted schematically in 2-1. In this mode, the force exerted by the tip on the sample is
used as the feedback signal (3 to 30 nN in our experiments), while the intermittent contact
results in minimal lateral forces on the substrate. By moving the tip along a programmed xy
trajectory with the potential applied, we demonstrate that arbitrary shapes can be written
(Fig. 2-1b 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, as illustrated by the line profiles. It
should be noted that the extent of the deposition profile is in the order of the expected
tip diameter, which is typically regarded as the lower limit on resolution in most SPM-based
nanofabrication [3,87]. The clear Z-contrast of the deposited structure with the gold substrate
as obtained from backscattered electrons in a scanning electron microscope (SEM) highlights
the chemical nature of the deposited copper wire. This is also found by energy dispersive X-
ray (EDX) analysis from a larger structure (SI 2-5). To enable the local writing, however, we
find two counterintuitive results that disagree with previously reported micro and nano-SPM
based electrochemical deposition mechanisms.
First, we find that the local deposition only occurs when reducing the salt concentration
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down to a few µM. The panels in Fig. 2-1d show the topography after the tip is translated
over a 12 µm 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 concentrations above 10 µM, we are unable to observe
any growth within our typical AFM scan range (∼15 µm) and parameters (force setpoint
of 2-10 nN). While increasing the concentration of CuSO4 should accelerate growth, mainly
through facilitating mass transport, it is not in line with our observations. This is therefore a
critical result and rules out other known writing mechanisms, such as AFM-induced local de-
passivation of a metal substrate [30,32] or electric-field enhanced mass transport [78,80,82].
Second, no deposition is observed when the tip is kept at a fixed tip-substrate distance (ranging
from 3 to 300 nm). In fact, the rest of the chapter will show that the AFM tip dynamics play
a critical role in the direct writing mechanism.

2-3 Influence of electrochemical parameters

First, we investigate the electrochemical nature of the deposition process. The electrochemical
behavior of the tip-substrate system is shown in Fig. 2-2a, where no current flows until a
minimum potential of around 1.2 V is reached, after which 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
2.1 V in steps of 0.1 V, Fig. 2-2b) or writing time by means of the translation speed (3, 10,
30, and 100 nm s−1, Fig. 2-2c).

Figure 2-2: Electrochemical nature of the local Cu deposition. a) Current-voltage characteristics
of the tip-Au substrate two electrode system. At positive 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−1.
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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 Cu2+ 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 cm2). Moreover, Fig. 2-2b shows that the deposition is suppressed at high
currents/potentials, most likely due to the competing proton reduction reaction, which leads
to a "working" potential window. Actually, the formation of bubbles is observed underneath
the tip with an optical microscope 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. 2-2c). We attribute the presence of a
minimum amount of charge required for growth to kinetic limitations of the nucleation.

2-4 Influence of tapping dynamics

In the following, we investigate the impact of AFM tapping parameters on local growth to
better understand the mechanism of confined electrochemistry. We adjust the tip position
dynamics through the PeakForce amplitude (PFA) and the force setpoint (FS) parameters
(Fig. 2-3a). The time-averaged tip-sample distance or gap size (<z>) and time in contact
(CT) are estimated from the PFA and FS settings as described in SI 2-6. The effect of the
FS on <z> is quite significant. For instance, at the nominal spring constant of 1.5 N m−1 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 fraction of the oscillation amplitude.
The influence of the tip dynamics on the local growth is represented by the average maximum
height of a line deposited along a 1000 nm-long path as a function of current (Fig. 2-3b). We
do not observe a consistent trend in the width of the deposit as a function of the oscillation
parameters or the current (SI 2-7). 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. 2-3b. Similar to Fig. 2-2b, 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 parameters. 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 depassivation 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. amplitude of 50 nm).
In order to further investigate the link between CT and local deposition, we plot the total
deposited volume as a function of CT (varied by means of the amplitude) for lines written
at a fixed force of 3 nN and various potentials (Fig. 2-3c). The most striking feature in Fig.
2-3c is that growth is absent for all potentials when the contact time is shorter than ∼25 µs.
The presence of a threshold value for the contact time is in line with the observation that
no deposition is obtained with the tip held at a fixed distance above the surface (limit of



22 Direct nanoscale writing through double layer perturbation

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 µs. 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. 2-3b, 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.

Figure 2-3: 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 s−1, 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 function 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−1 and at fixed bias
voltages from 1.5 to 1.8V (average currents of ∼1, 2.5, 4, 6.5 ± 0.5 nA). The figure displays a
threshold contact time for deposition of ∼25 µs.
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2-5 Discussion

While we have proved that the localized Cu deposition process studied here is electrochemi-
cally 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 substrate during the
time in contact (See SI 2-8 for more details), and therefore suspend electrochemical growth.
To understand the need for an "off-time" for local electrochemistry, we consider 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 electrical 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. 2-4a). While this potential drop typically occurs within
a distance of 1-2 nm, the screening length or Debye length, λD, extends to ∼150 nm for the
highly dilute 1 µM CuSO4 solution. This is due to λD being inversely proportional to the
square root of the concentration (λD = 9.7

n

√
C[nm] for aqueous solutions with ε = 80 at room

temperature, where n is the ion valence and C the concentration in units of mM) [11, 111].
Faradaic currents exponentially increase with the potential difference between that of the
solid and of ions in the liquid 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, bringing ions close to the interface, and its magnitude increases
with decreasing λD.
Considering oscillation amplitudes ranging from 10 to 300 nm, it becomes apparent that the
typical electrode separation lies within the long screening length of the dilute electrolyte. 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 baseline when exe-
cuting a single force curve on the substrate and toggling the applied potential at contact (SI
2-9). In the case where the electrode separation is ≤ 2λD (which has also been referred to
as double layer cross-talk) [57], the electrochemical conditions in the gap are not well-defined
and may lead to unconventional 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 [58,60,112].
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. 2-
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 [11]), 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. 2-4c. Since we typically use bias voltages up to ∼ 2 V, the unscreened tip perturbation
can potentially 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 transfer, leading to local growth. However, the direct electrostatic interaction quickly
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Figure 2-4: Tip-enabled local deposition mechanism in dilute electrolytes. a) Schematic repre-
sentation of the potential drop at the solid-liquid interface for the general case of a metal electrode
and b) within the tip-substrate gap. 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 Vtip and a grounded
substrate. The potential is normalized to the tip bias.

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 τD = λ2

D
D , with D being the diffusion coefficient [26]. In standard electro-

chemistry, τD is of the order of ns. However, given the extended screening length in the dilute
electrolyte, τD is 22 µs (33 µs) for the SO2−

4 (Cu2+) ions (using DSO2−
4

= 1.065 * 10−5 cm2

s−1, DCu2+ = 0.72 * 10−5 cm2 s−1), which is remarkably close to the contact time threshold
for deposition found in Fig. 2-3c. The continuous full disruption of the EDL by the tip
being in contact with the substrate for a time > τD facilitates the incomplete screening in
the gap at each tapping cycle. Similar to potential-pulsed electrochemistry, the contact time
or "off-time" results in electrochemical 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 confined
electrochemical machining, atomic layer electrochemical deposition or control over crystallo-
graphic defect formation, among other phenomena [13,61,64,113].
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. 2-3). 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 SI 2-8). In this case, a higher driving potential is required to
facilitate mass transport. This results in a balancing between the driving potential and the
gap size, as observed in our measurements in Fig. 2-3b 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 concentrated
electrolytes (such as ionic liquids), the double layer actually expands [25,114]. In such a case,
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more time would be required to reach electrochemical equilibrium during the "offtime".
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 µM, the improved screening power of the electrolyte
results in the Debye screening length being about three times shorter (λD ∼ 50 nm). Dou-
ble layer cross-talk and direct electrostatic interaction in less dilute electrolytes are therefore
expected only at small oscillation amplitudes, where mass transport limitations become dom-
inant. Further dilution of the electrolyte might broaden the deposition parameter window,
but rapidly becomes impractical.
In summary, the writing mechanism requires a careful compromise between the tip-substrate
electrostatic interaction (achieved by continuously disrupting the double layer and closely
positioning the tip above the sample) while still allowing ion access. In our experiments, this
occurs only in highly dilute electrolytes (< 5 µM) with an extended Debye screening length
combined with either: (a) oscillation amplitudes ∼ 25-50 nm, CT ∼ 100-150 µs and low drive
potentials, or (b) small oscillation amplitudes (∼ 10 nm), long CT (> 200 µs) and high drive
potentials. While the latter conditions result in faster writing speeds (up to 3 * 104 nm3

s−1), 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 2 kHz and we
obtain practical deposition rates in the order of 104 nm3 s−1, which is comparable to that for
focused ion beam induced deposition [5]. 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|Cu2+

equilibrium 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 [13].

2-6 Conclusion

We have demonstrated the confined high-resolution direct additive writing of copper nanos-
tructures 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 cantilever. 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 balances access of ions and shaping of
the electrochemical potential 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 understand
the local dynamics and charge transfer at the electrical double layer, such as the Debye time.
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2-7 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 top of an n-type Silicon sample (Siegert Wafer) as a
flat support. The solutions were prepared using CuSO4·5H2O powder (99.995%, from Sigma-
Aldrich) in MilliQ®(18.2 MΩ · cm) water. The low concentration electrolyte was prepared
before every experiment from a 1 mM CuSO4(aq) stockpile and diluted (100-1000x) using
fresh MilliQ water. Before preparing the dilute electrolyte, all containers were rinsed (5-10x),
ultrasonicated, 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 HCl. 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 electro-
chemical cell and connected to an external potentiostat, which controls and monitors potential
and current. At positive potentials (tip vs. substrate), we expect the oxygen evolution reac-
tion 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 connected 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, con-
trolled through the Nanoscope software. 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 [110]. 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
electrolyte, 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 f0, Q, and used k are reported in tables 2-1 and 2-2 in SI-6,
as proposed in reference [115]. Ex situ topography and data in Fig. 2-1 b, c, and 2-2 were
obtained in air using ScanAsyst-air tips (Bruker, nominal tip radius 2 nm). In situ images
and data in Fig. 2-1d and 2-3 were collected 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 the tip
and the substrate (potentiostat) or forcing a fixed current through the tip (galvanostat). In
all presented experiments, the PeakForce frequency was set to 2 kHz, other AFM parameters
used are listed in SI-6 table 2-1. Lift experiments where the tip is kept at a fixed distance
above the substrate, as mentioned in the text, were done by initiating a Thermal Tune within
the AFM software at a certain height.
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Data Treatment
AFM images were treated by removing the polynomial background (first or second order) and
removing image defects by aligning rows or removing scars using the Nanoscope Analysis and
Gwyddion software [116]. The volume data in Fig. 2-2 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. 2-3a 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 SI 2-10. The volume in Fig. 2-3b 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. Vtip 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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2-8 Supplementary information

SI-1 Elemental characterization of a larger deposit using SEM-EDX
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Figure 2-5: A larger structure was deposited by keeping the tip at the same location for an hour
(while tapping) with a potential difference of 2 V between the tip and substrate. a) Secondary
electron SEM image of the deposit (55° tilt) b) Backscatter electron image (0° tilt), displaying
elemental contrast between the deposit and the substrate. The scale bar is 400 nm in both images.
c,d) EDX spectra of the points indicated in b) on the deposit, c), and on the substrate, d). A
clear peak associated with copper is observed at ∼ 0.94 keV, which is absent in the reference
spectra. Peaks in the reference are associated with gold, 2.13 keV, silicon, 1.74 keV and carbon,
0.02 and 0.27 keV. Additional peaks in the deposit include oxygen (0.52 keV), nitrogen (0.39
keV), and aluminum (1.49 keV), the last 2 of which we attribute to scattering inside the SEM
chamber. Spectra were acquired with an acceleration voltage of 5 keV and a current of 800 pA.
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SI-2 Dependence of cantilever position on AFM parameters

200 nm

~ 20 nm

Figure 2-6: The average gap size <z> as referred to in the main text is determined by integrating
the tip position from the highest point up to the point of contact divided by half the oscillation
period (eq. 2-1). The figure illustrates the effect of peak force amplitude and peak force setpoint
on the amount of time spent in contact with the sample. Left) Contact time as read out from the
Nanoscope software as a function of peakforce amplitude for different force setpoints (squares).
The center of the sinusoidal oscillation is expected to shift by the force setpoint divided by the
spring constant, assuming no indentation of the sample. For the nominal spring constant of 1.5
N
mThis gives a shift of 2, 6.7, and 20 nm for a setpoint of 3,10, and 30 nN, respectively. The
solid lines are a fit to the data calculated for a sinusoidal movement of the tip with the center
of oscillation given by amplitude-x, yielding x = 2.7, 5, and 20 nm for the different forces in
good agreement with the expectation. Right) Raw AFM height sensor data when switching the
peakforce setpoint from 3 nN to 30 nN twice during the scan (scan from left to right). The height
profile in the overlay illustrates how the z-piezo moves down (∼ 20 nm) due to the force setpoint.

< z >=
∫ T−CT

2

0
PFA · cos( ft2π ) dt · 2

T
(2-1)

With CT the measured contact time, PFA the peakforce amplitude and using frequency f =
2 kHz, and period T = 500 µs
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SI-3 Width of deposited lines
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Figure 2-7: The full width at half maximum of the lines used for Fig. 2-3b in the main text.
The individual datapoints for all currents are displayed, where dark to light green indicates low to
high current (arbitrary scale).The amount of current datapoints varies for each set of oscillation
parameters as growth is not always observed (see main text). While the width seems to increase
slightly at intermediate amplitude, no clear trends in the width are observed as a function of the
applied current.

SI-4 Current response of the nanoelectrode in consecutive approach curves
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Figure 2-8: Current response at the AFM nanoelectrode when executing 5 consecutive ap-
proaches with a tip potential of 1.7 V. The tip is approached and retracted over a distance of
1 µm with a frequency of 0.01 Hz (20 nm

s ). The approach curves show that the current de-
creases/increases as the tip approaches/retracts from the surface. At the point of contact (red
arrows), a show circuit current is observed. The current sampling rate is 20 Hz. The approach is
terminated at an applied force of ∼ 10 nN.
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SI-5 Deflection of AFM cantilever in liquid when applying a potential
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Figure 2-9: Single approach curve of the AFM tip where the tip-substrate potential (2.1 V)
was manually turned off/on during contact for the retrace in the left/right panels, as seen in the
current channel (bottom panels). In both cases, an attractive force is observed in the deflection
of the cantielver (top panels) when the potential is applied. The difference in deflection of ∼ 5
nm corresponds to ∼ 4 nN. The ramp size is 100 nm, at a frequency of 0.01 Hz (2 nm

s ). The
force trigger for the approach was set to ∼ 15 nN.

SI-6 AFM parameters and cantilever resonance characteristics

Table 2-1: AFM parameters used during the deposition process.

Used in Fig Peakforce PeakForce Translation
Amplitude (nm) setpoint (nN) speed (nms )

1b 50 30 3
1c 50 30 30 + 3 (consecutive)
1d 50 6.3† 10
2b 50 30 10
2c 50 30 3,10,30,100
3b 15, 50, 300 10, 30 10
3c 10, 25, 50, 100, 300 3 10
SI 2-5 50 30
SI 2-7 15, 50, 300 10,30 10

† The Force was set in terms of the photodiode voltage with a deflection sensitivity of 35 nm
V

and a spring constant that was later determined to be 1.8 N
m (see next table). This yields a
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force of 6.3 nN for the used setpoint of 0.1 V.

Table 2-2: Resonance characteristics and spring constants of cantilevers used.

Used in Fig f0 in air (kHz) Q in air k (Nm)

1b 65.7† 208 1.68
1c 32.6‡ - 1.80
1d 63.4† 214 -
2 65.7† 208 1.68
3b 58.3 195 1.41
3c 63.4† 210 1.59
SI 2-5 51.3† 116†
SI 2-7 58.3 195 1.41
SI 2-8 58.3 200 1.25
SI 2-9 52.1† 105† 1.15

† Frequency and Q-factor were obtained in air for that tip on a different day than the day of
the measurement, the reported spring constant is the value used on the day of the measure-
ment, as obtained in the liquid.
‡ Frequency was obtained with the tip immersed in the liquid

SI-7 Line profile fitting and analysis

10 nma)

b) -3

Figure 2-10: a) Representative AFM image as used in the main text (Fig. 2-3b, 30 nN, 50 nm
amplitude, for different currents). The scale bar is 500 nm. b) left) averaged profile of the lines
along the vertical direction (solid red curve). The solid black curve is the average profile of the
substrate outside the lines used to account for the laser interference (dashed black cuve). The
dotted red line is the background corrected average line profile. The thin dash-dotted line is the
Gaussian fit. right) zoom-in of the profile and fit of 1 line (second from the left)
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Chapter 3

Shape evolution in nanoscale
electrocrystallization

The previous chapter demonstrated the direct electrochemical writing of copper nanostruc-
tures. While we show high spatial control over the electrodeposition process, in the context
of the free-form fabrication of functional materials it is relevant to control the nucleation
and time-dependent growth, and assess the quality, e.g. crystallinity, or material properties
of the deposited structures. Analysis of the nanoscopic deposits is difficult as there is lit-
tle material available. We therefore investigate these structures, and compare the directed
growth to that of copper structures grown in a regular electrochemical cell, using atomic
force microscopy (AFM) and X-ray photelectron spectroscopy (XPS). We find that the di-
rected deposition from µM electrolytes is distinctly different that that of conventional copper
deposition, but results in similarly shaped spheroidal nuclei as those obtained in macroscopic
growth in dilute conditions. The latter are found to mainly contain CuO, making it likely
that the directed deposition also consists of copper oxide species. The methods presented in
this chapter are general and open further possibilities of in-operando study of electrochemical
growth or surface stability.

3-1 Introduction

Controlling the shape evolution of crystallization process is an important step in tailoring
materials for specific functions. In solution based growth, such as electrochemistry, consid-
erable control over the shape can be achieved through combinations of solvents, additives,
and pH, in addition to heat and pressure. For instance, as illustrated in section 1-1, crystal
morphology is often controlled through capping agents that hinder growth of certain crystal
facets by specific adsorption [22, 117]. By judiciously choosing growth parameters and envi-
ronment, materials can be engineered for a wide variety of applications ranging from catalysis
to nano-photonics [118–121]
Recently, localized electrochemistry has emerged as a way to direct the growth in space as
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it happens, in a 3D printing fashion. Moving scanning probes and pipettes have shown to
direct growth for a number of metals and semiconductors into intricate 3D nanostructures.
Studying the early stages of electro-crystallization is often not trivial however [93,102,122], as
the low density and small volume of the deposits hampers the use of standard characterization
methods, such as X-ray diffraction, X-ray photoelectron spectroscopy (XPS) or transmission
electron microscopy.
Atomic force microscopy (AFM) yields high resolution topography of the sample which holds
information on the particle shape, and crystal orientation through faceting. However, analysis
of the resulting images is often dependent on the use of color maps and height profiles along
sections. Especially in images with a large height distribution (and associated colorrange) or
many regions of interest, features can be obscured. More generally, resolving the shape of the
particle from the topography map requires perception of the gradient in the color scale [123]
To better assess particle shape and characteristics of differently grown particles, regardless of
overall size, we consider inclination maps, where each pixel represents the magnitude of the lo-
cal inclination with respect to the substrate through the simple arithmetic operation [124,125],

θ(x, y) = arctan (

√
dz

dx

2
+ dz

dy

2
) ∗ 180°

π
(3-1)

With x, y, and z the topography coordinates, and θ the local inclination.

In this chapter the crystal growth in directed nanoscale-electrochemistry from a highly dilute
electrolyte is compared to that in macro-electrochemical copper deposition using AFM and
XPS. AFM topography-, and inclination mapping are combined to highlight the shape and
orientation of nanoscale growth centres, regardless of their overall size. We find that the
nanoscale deposits are different from typical copper deposition but resemble a spheroidal shape
similar to those found in macroscopic electrodeposition in similarly dilute conditions. XPS
confirms that the latter mainly consists of CuO, making it likely that the directed deposition
also consists of copper oxide species. Furthermore, we show that the tip-mediated deposition
evolves with an increasing aspect ratio, which is critical for the controlled fabrication of
out-of-plane structures.

3-2 Out-of-plane growth

The previous chapter demonstrated the direct electrochemical writing of copper nanostruc-
tures through a mechanism illustrated schematically in Fig. 3-1a, with the deposition tracking
the tip as it is translated along the surface. Upon inspection of the written lines, these appear
to consist of multiple grains, as depicted in the line in Fig. 3-1b, written by translating the
tip at 10 nm

s . In fact, as the nucleation does not appear to be instantaneous, the grain density
changes by varying the translation speed along the line.
Fig. 3-1c shows 4 lines (1 µm long) written at different translation speeds, and the projected
area along the 1 µm paths (left axis, black) and the total volume (right axis, blue) are plotted,
as obtained from the ex-situ AFM images. All lines are written from a 1 µM CuSO4 solution,
with the same tapping parameters (30 nN peakforce setpoint, 50 nm amplitude, at 1.7 V)
From the figure, we observe a slowed increase of the footprint as the writing time increases.
This can be explained by an increase of the grain density within the line, which saturates
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once the grains along the path coalesce, but do not expand laterally. The volume on the other
hand increases linearly with writing time, as expected from the electrochemical nature of the
process at ∼ constant current. Importantly, the fact that the volume grows faster relative to
the projected area indicates that the tip-mediated growth is directed out-of-plane at longer
writing times.

c)

e-

e-

Cu 2++2e-   Cu

a) b)

-5

20 nm

Figure 3-1: a) Schematic representation of the direct patterning of electrochemical deposition.
b) Directed electrodeposition of a single line by translating the AFM tip electrode along a 1 µm
long path at 10 nm

s . c) Projected area (black, left) and total deposited volume (blue, right) of
lines for increasing writing time, obtained from ex-situ AFM topography maps, as shown in the
panels on top. The writing time is varied by means of the translation speed of the tip along the
1 µm long lines. The scale bar in the panels is 250 nm.

3-3 Nanoscale shapes

The fact that growth occurs via nucleation, grain growth and coalescence has major im-
plications in the material quality of deposits as well as in the interplay between directed
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electrodeposition and crystal energetics, which will define the 3D shape of the deposit. We
are therefore interested in the initial stages of the deposition process.
However, as there is very little material in structures grown using the AFM, and the coverage
is extremely low, characterization of the deposits is difficult. We therefore compare the topog-
raphy of crystal growth in directed nanoscale-electrochemistry to that of copper deposition
in a conventional 3-electrode system, where all substrates are gold coated silicon.
Fig. 3-2 a-c display the resulting AFM topography images with Fig. 3-2a a line fabricated
by directed Cu electrodeposition, at a translation speed where the individual grains can be
discerned. We observe spheroidal-like grains with no clear facets as those reported in litera-
ture for (non-directed) Cu electrodeposition from CuSO4 salts [126,127].
This is depicted in Fig. 3-2b, showing the in-situ topography obtained after non-directed Cu
electrodeposition from 100 mM CuSO4 upon applying -50 mV vs. a Cu wire quasi reference
electrode (QRE) for 6 seconds. Notice that the salt concentration is similar to what is used in
standard Cu electrodeposition, and it is five orders of magnitude higher than in our directed
growth experiments, which leads to slightly lower pH values (pH ∼ 4 vs. 6). In agreement
with literature, growth under high salt concentration results in well-defined faceted nano-
crystals.
As a fairer comparison, we performed non-directed Cu electrodeposition with the same elec-
trolyte conditions as in the directed case (1µM CuSO4), the topography of which is shown
in Fig. 3-2c. Here we use a macroscopic Cu wire as counter electrode instead of the tip,
as a means to replenish copper ions and avoid depletion in the bath. After 50 minutes of
potentiostatic growth at -1 V vs. Cu wire QRE, the gold substrate was covered by small (<
100 nm) elongated nanostructures,that appear to be limited to ∼ 10 nm in height.
The resulting morphology is very different to the concentrated electrolyte case. We therefore
turn to the corresponding inclination maps, obtained from the topography using equation 3-1,
shown in Fig. 3-2 d-f . Additionally, Fig. 3-2 h-j display histograms of the angle distribution
of the particles indicated in Fig. 3-2 a-c (green squares and red ellipses, the pixels used in
the histogram are defined using a mask)
In the high concentration case (Fig. 3-2e), the faceted nature of the particles is clearly
represented by equi-angle planes. Furthermore, the figure highlights one of the difficulties
encountered in representing particles with a large size distribution, where one of the particles
is clipped in the axis of 3-2b, while Fig. 3-2e reveals that this particle displays 4 distinct
facets. From the histograms in Fig. 3-2i, we observe two well-defined peaks in each grain, at
28° and 42° or 20° and 50°, arising from the two facets that can be seen in the particles in
Fig. 3-2e. The 70° angle between the two facets in both grains is in good agreement with
that expected between the {111} and {111} planes of a Cu crystal with respect to a {110}
base. The broad peak around 60° is likely an artifact. Despite that the nominal tip shape
should allow access to angles up to 65-75°, Fig. 3-2i shows that the main contribution to the
high angle peak comes from the edges, where the tip falls of the grains.
This is quite different from both cases where dilute electrolytes were used. The angle distri-
butions as shown in is Fig. 3-2h and 3-2j are broad, asymmetric, and centred at small angles,
and it is well reproduced by that of the top half of a spheroid given by (dashed curves);

z =

√
h2 − x2 ∗ h2

l
− y2 ∗ h2

w2 (3-2)

with base dimensions w, and l, and height z obtained from the topography images.
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Figure 3-2: left column, a-c) AFM topography of a) a line written at 10 nm/s with directed
electrodeposition, which shows a few individual grains along the writing path. b) Non-directed
Cu electrodeposition at -50 mV vs. Cu QRE for 6 s from a 100 mM CuSO4 solution, showing
crystalline particles. c) non-directed Cu electrodeposition from 1 µM CuSO4 at -1 V vs. Cu QRE
for 50 minutes, showing a random distribution of small fin-like elongated grains. Middle column,
d-f) Corresponding inclination maps of images a-c. f) only displays the particle as indicated by
the green dashed square. Right column, h-j) Normalised histogram of the angle distributions
for the grains indicated in a-c by either a green square or red ellipse. The dashed lines correspond
to the expected inclination distribution for a spheroidal shape with dimensions obtained from the
topography images. The curves are vertically shifted as indicated, for clarity. The scale bar in all
images is 300 nm, except for f), which is 20 nm.

In the case of directed growth, the grain footprint is more symmetric and the base-to-height
aspect ratio is smaller, giving rise to a narrower angle distribution as compared to that grown
in the regular EC-cell. We also observe some deviation in the angle distribution from that of
a spheroid. A peak at low angles (around 10° for the grain marked in green and at ∼ 15° for
that marked in red) and the absence of angles from 30° and onwards deviate from the simple
spheroid shape. Both deviations can be attributed to a slightly slanted base around the grain
that is consistently found in grains in direct-written lines, as illustrated in Fig. 3-2d.
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In the case of non-directed growth, a broad secondary peak in angle distribution can be
discerned around 55-60°, which is again seen to be located at the edge of the particle in Fig.
3-2f. and attributed to a tip artefact. Notably, there is no indication of equi-angle facets in
either case.

3-4 Growth from a dilute 1 µM CuSO4 electrolyte

The deposition from the dilute electrolyte is somewhat curious, as quite high potentials and
long growth times were required for deposition. Fig. 3-3a shows AFM topography images
(ex-situ) after ∼15, 50, and 420 minutes of potentiostatic growth at -1 V vs. the Cu QRE.
No growth was found at lower potentials (-50, -300 , -500 mV vs. the Cu QRE for 15 min).
Longer growth times result in higher particle coverage with particles progressively overlapping.
Particles that can be identified as single rods for the longest growth time in Fig. 3-3a are
still limited to ∼ 10 nm in height, with larger clusters going up to ∼ 100 nm. Considering
the clearly progressive nucleation, these individual particles could either be limited in their
growth or nucleated at later times, compared to the clusters.
Furthermore, when considering one of the large particles in Fig. 3-3b, the edges are now much
steeper. While this appears similar to the faceted growth from the higher concentration, it is
more likely an effect of a changing aspect ratio, as the histogram is still captured well by an
equivalent spheroid (Fig. 3-3d) until the maximum angle of ∼ 75° allowed by the tip.
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Figure 3-3: a) AFM topography maps of copper grown from 1 µM CuSO4 at -1 V vs. Cu QRE,
for increasing growth times, 1000 s, 3000 s, and 25000 s. The scale bars are 300 nm. b,c) AFM
and inclination map of one of the larger particles in a) for the longest growth time. The scale bars
are 50 nm. d) Normalized histogram of the angle distribution of the large particle. The dashed
line corresponds to the expected inclination distribution for an equivalent spheroidal shape, with
dimensions obtained from the topography.
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Considering the Pourbaix diagram for Cu at room temperature in the absence of an acidic
supporting electrolyte, the deposit is expected to consist of Cu for low salt concentration and
either Cu or Cu2O for high salt concentration [128,129] Also, similar thin leaf-like morpholo-
gies have been found for the (electro)chemical and hydrothermal growth of CuO [130, 131].
Kartal et al. suggested that CuO or Cu2O forms by the spontaneous chemical oxidation of
Cu with dissolved oxygen in the electrolyte when the Cu deposition rate is small. Due to the
low metal salt concentration yielding a very low current density (∼ 1 µA

cm2 ) and the fact that
the solution was exposed to air, we suspect that these nanostructures are oxidized.

To verify the elemental content of the structures deposited from the dilute electrolyte we
do X-ray photoelectron spectroscopy (XPS) measurements on the sample with the highest
coverage, grown for 25000 s as shown in Fig. 3-4. The oxidation state is determined using
the Cu 2p3/2 core level. The binding energy values are calibrated using the Au 4f7/2 peak
of the gold substrate. The predominant species is identified as CuO (blue line), based on
the characteristic satellite peak for CuO species, its relative intensity, and the binding energy
difference to the main peak [132]. A second species is required to fit the experimental data,
which is identified as Cu2O (purple line), based on the peak position of 932.2 eV. The lowest
binding energy peak of the CuO peaks is measured at 933.7 eV, which is 0.6 eV higher than
the literature value of 933.1 eV. This is attributed to the charging of the non-conductive
CuO species. Based on the Cu 2p3/2 peak areas, 91% of the sample volume probed by XPS
corresponds to CuO and 9% to Cu2O. While this indeed confirms that the copper is oxidized,
this measurement does not rule out the possibility of the oxidation occuring after removing
the sample from the electrochemical cell.

Cu 2p3/2 data
Cu 2p3/2 fit
CuO 2p3/2
Cu2O 2p3/2

Cu 2p3/2 

Cu 2p3/2 satellite

Figure 3-4: Deconvoluted XPS spectrum of Cu 2p3/2. At the higher binding energy the Cu
2p3/2 satellite is shown and at the lower binding energy the Cu 2p3/2 main peak is shown. The
experimental values are shown as red dots, the peak fit envelope is shown in black, the CuO 2p3/2
peaks are shown in blue, and the Cu2O 2p3/2 peak is shown in purple. The binding energy is
calibrated to the Au 4f7/2 peak of the substrate.
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3-5 Statistical analysis of growth

To investigate the grain growth kinetics and shape evolution of the AFM-directed growth
compared to the self-assembling case we use the grain analysis developed by Guo et al. [19]
Comparing the geometrical information of grains of different size provides information about
the growth kinetics, where it is assumed that each island grows independently and obeys the
same growth law.
Fig. 3-5a plots the volume and projected area obtained from AFM topography images of
grains found in multiple direct-written lines by translating the tip along a 1 µm long trajectory
(red circles), where the grains are defined by a pre-defined height threshold in the topography
maps. We have considered several conditions for the directed growth, such as different voltages
and oscillation parameters, at a translation speed of 10 nm

s , where individual grains are visible.
Similarly, we also include geometrical data from individual grains obtained from the dilute
non-directed growth after 1000 s (blue triangles), and the data for copper grains grown from
the higher concentration of 100 mM CuSO4 (green squares).
As explained in Ref [19], the volume (V) and footprint (A) of a growing grain increase following
the power-law:

V = αAm (3-3)

where α is a proportionality constant that depends on the grain shape (e.g. α = 1/2 or 1 for
a spherical or cubic shape, respectively) and m carries information about the growth mech-
anism. The latter is also the slope in a double-logarithmic representation and is defined as
m = 1+b/2a, where a and b are the corresponding exponents for the lateral and vertical grain
growth over time, respectively (i.e. width ∝ timea and height ∝ timeb). Consequently, the
slope reveals whether the grain grows isotropically (a = b and, giving m = 1.5), preferentially
in-plane (a > b, m < 1.5) or preferentially out-of-plane (a < b, m > 1.5).
It is interesting to note that the slope for the dilute growth is the same, regardless of being
directed by the AFM. We obtain a slope of m ∼ 1.1 from fitting a power-law to the data.
which indicates preferential in-plane growth. For the higher concentration, we find the growth
to be more isotropic with a slope of m ∼ 1.26 in the double-logarithmic representation, in
agreement with literature [133].
This seems to be in stark contrast with the result of Fig. 3-1. However, it should be re-
membered that the red circles are obtained along lines for a single translation speed so that
individual grains are visible. The data as a function of translation speed, representing total
area and volume along the line, is depicted by the open yellow circles, where it should be
noted that datapoints at higher/lower speeds fall below/above the fitted line, respectively.
Analogously for the non-directed case, the blue triangles in Fig. 3-5a represent the short-
est growth time (1000 s), where individual grains could be identified. Due to the increased
overlap at longer growth times it becomes harder to define single islands. However, adding
a few particles from the sample grown for 25000 s, such as the one from Fig. 3-3b, that are
characterized by being much higher than their surrounding shows a similar trend. They are
placed above the initial slope (purple open triangles), indicating a changing growth dynamic
that is directed more out-of-plane as the coverage becomes high.
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Figure 3-5: a) Volume vs. footprint area for individual nuclei grown under different conditions,
as obtained from ex-situ AFM topography. Light and dark red circles: directed growth from 1 µM
CuSO4 (aq); blue triangles: non-directed growth from 1 µM CuSO4 (aq); green squares: non-
directed growth fom 100 mM CuSO4 (aq). The solid lines are power-law fits to the data points.
Open yellow circles and purple triangles correspond to the lines written in directed deposition as
shown in Fig. 3-1c, and individually picked large grains from the sample grown for 25000 s as
shown in Fig. 3-3a, respectively. b) Footprint (a)symmetry evolution represented by the minor vs.
major axis for the equivalent ellipse of the same grains as in a). Different markers correspond to
the same growth conditions as in a). The black dashed line indicates isotropic growth (major axis
= minor axis), and the dashed grey line indicates the nominal tip diameter in directed growth.

Finally, to illustrate the progression of the nanostructure footprint, Fig. 3-5b represents
the largest and smallest in-plane dimensions (major and minor axis from a fitted ellipse,
respectively) of the same individual grains as in Fig. 3-5a. As expected from the AFM
images, the self-assembled wire-like nanostructures (blue triangles) preferentially grow along
one of the two in-plane dimensions (i.e. highly anisotropic).
For the directed deposition (red circles) the in-plane growth is notably isotropic (black dashed
line) until the grain size reaches the tip diameter (∼ 50 nm, grey dashed line), at which point
the grain width (in the direction perpendicular to the writing direction) saturates. It is
worth mentioning that the datapoints for the largest major axes consider a more or less fully
coalesced line (1 µm). As such, the initial stage of the grain evolution in directed deposition
resembles that for the higher concentration (green data points). In this case, the in-plane
growth is clearly isotropic as the two in-plane dimensions are approximately the same as the
grains grow. It is important to note however, that the slope in Fig. 3-5a does not change
when fitting only to those isotropic grains (using the grains for which A < D2

tip = 2500 nm2,
yielding a slope of 1.14)

3-6 Conclusion

From our results it appears that the directed growth occurs in 2 main steps; i) isotropic
in-plane growth, confined to the tip dimensions, ii) decreased in-plane, and increased out-of-
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plane growth.
We believe that despite the low ion concentration, the close proximity of the tip counter
electrode to the substrate facilitates a faster deposition rate compared to the non-directed
case with the same electrolyte conditions. This is evidenced by the fact that a much longer
deposition time was required to grow the non-directed sample compared to the lines (factor 30
for the images in Fig. 3-2), despite yielding smaller islands. On the other hand, the fact that
the vertical growth is hampered in the directed case as compared to growth from a non-dilute
electrolyte, we believe is likely due to the restricted ion access by the tip itself.
The shape of the grains in directed growth and their time evolution is remarkably close to
that in the macroscopic EC-cell, which we confirm to be mainly CuO. It therefore seems
quite possible that the directed deposition also consists of copper oxide species. This can
occur through direct copper deposition and subsequent oxidation, especially considering the
reaction at the tip, which is expected to produce oxygen locally through the oxidation of
water. For the deposition of pure copper it might therefore be interesting to deaerate the
electrolyte and/or facilitate a different oxidation reaction.

3-7 Methods

Sample Fabrication and electrodeposition
For the direct writing, we use a 2-electrode configuration consisting of an insulated AFM tip,
except for a Pt coated apex [110], and the metal substrate. The potential is controlled by
either a CH760E or a BioLogic SP-300 potentiostat. The substrate electrode consists of a
silicon substrate coated with a chromium adhesion layer and a gold top layer contacted from
the top. Electrodeposition was done from 100 mM and 1 µM aqueous (MilliQ®, 18.2 MΩ·cm)
copper sulfate solutions (CuSO4·5H2O, 99.995% from Sigma-Aldrich). The low concentration
electrolyte was prepared before every experiment from a 1 mM CuSO4(aq) stockpile and
diluted (1000x) using fresh MilliQ water. Due to the hydrolysis of CuSO4, the solution is
more acidic for the higher salt concentration (pH ∼ 4 vs. 6). The nondirected deposition
from the dilute electrolyte was done in an electrochemical cell outside of the AFM setup, with
an exposed electrode area of 1.5 cm2 using a coiled copper wire as the counter electrode.

Atomic force microscopy
AFM measurements were performed using a Bruker Dimension Icon AFM. The protocol for
the directed nanoscale writing is explained in depth in the previous chapter. The in-situ
images as shown in Fig. 3-2b are obtained with a ScanAsyst-Fluid+ probe (Bruker, nominal
tip radius 2 nm), in PeakForce tapping mode. Ex-situ images were obtained with a ScanAsyst-
Air probe (Bruker, nominal tip radius 2 nm). Ex-situ images were also used for the directed
nanoscale deposition as the SECM probe used for the deposition was relatively large compared
to the features of interest (nominal radius 25 nm).

AFM data treatment
AFM images were treated by removing the polynomial background (first or second order) and
removing image defects by aligning rows or removing scars using the Gwyddion software [116].
The shape analysis is done using height thresholding and considering the pixels underneath
the resulting mask. Projected area and bearing volume (Fig. 3-1) are obtained using a
height threshold of 2 nm (∼ 3x the sample roughness) for every written line. The masks in
Fig. 3-2 are obtained by manually identifying the islands and combining that with a height
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threshold, the histogram was then obtained using the slope distribution tool, with inclination
maps constructed through the arithmetic operation as mentioned in the main text (eq. 3-1) .
Similarly for the data in Fig. 3-5 the area of interest was combined with height thresholding
after which the grain correlation tool was used to get projected area vs. volume and major vs.
minor axis of the equivalent ellipse (the numbers in Fig. 3-5b are multiplied by 2 to reflect
diameters rather than radii).

XPS
XPS spectra were acquired using a Scienta Omicron HiPP-3 analyzer and a monochromatic
Al kα source operating at 20 mA emission current. The base pressure was ∼ 2x10−9 mbar,
and the operating pressure was ∼ 5x10−9 mbar. Survey and high-resolution spectra were
acquired at pass energies of 500 eV and 100 eV, respectively. Data analysis and quantification
were performed using KolXPD from Kolibrik.





Chapter 4

Pulsed electrochemical scanning probe
nano-lithography

This chapter considers the use of short voltage pulses to confine electrochemistry by means of
time,- and distance dependent charging of the interface. We demonstrate the working principle
with the nano-confined electrodeposition of cobalt. Furthermore, we interpret and predict
the achievable resolution in terms of fundamental properties of the electrolyte. The presented
results indicate the detrimental role of protons for the localization of the electrical pulse,
and therefore have important consequences for the use of aqueous electrolytes in nanoscale
deposition using this method.

4-1 Introduction

The previous chapters demonstrated a novel method for localized electrodepostion with a
scanning probe. An early strategy in confining electrochemistry to the nanoscale however,
has been the use of ultrashort potential pulses [61]. The working principle is outlined in
reference [64] and depicted schematically in Fig. 4-1a. The authors consider an equivalent
electrical circuit between a scanning probe and the substrate, which consists of the electrical
double layer (EDL) capacitance at both electrodes in series with a resistor representing the
solution as described in chapter 1. As such, the system contains many parallel RC-circuits
that represent the current paths from the tip to different positions on the substrate, with
the associated charging time being different for parts of the substrate further away from the
probe by means of the increased solution resistance. By applying a short potential pulse to
the probe, the interface is only significantly polarized close to the probe, as illustrated in
Fig. 4-1b. In fact, due to the exponential dependence of the Faradaic current on the interface
potential from Butler-Volmer kinetics (see section 1-1), even modest potential differences near
the probe result in sharp profiles for the electrochemical rate.
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Figure 4-1: a) Illustration of the mechanism for electrochemical localization. By applying a
potential pulse to the probe, the EDL at the substrate will charge more quickly close to the
probe due to the lower path resistance through the solution. Adapted from reference [64]. b)
Representation of the (partial) charging of the interface during a potential pulse (black line), for
a tip-substrate path that is short (low resistance, blue solid line), or long (high resistance, red
dash dotted line).

The main parameters influencing the electrochemical resolution therefore appear to be the
solution resistance, and the pulse time. As such, electrochemical etching (machining) of fea-
tures down to ∼ 200 nm has been demonstrated by using pulses of 500 ps [68]. While the
mechanism has been expected to enable local electroplating by simply reversing the polarity
of the pulse, this has proven to be more elusive and we did not find a clear demonstration in
literature [61,66,134].
In this chapter we will consider a description analogous to the RC model to predict the attain-
able resolution, and demonstrate nanoscale deposition using short voltage pulses. Following
the work of Bazant et al. [26] we consider the time constant τC as introduced in section 1-2,
which emerges as the RC time for a simple electrochemical system of 2 parallel plates with a
1:1 electrolyte when a potential is suddenly applied, and has been formulated as the charge
relaxation of the diffuse layer through bulk electrolyte conduction [27].

τC = λDL

2D −→ LτC = 2Dτpulse
λD

(4-1)

Where λD is the screening length, L the electrode separation, and D the diffusion coefficient.
For the purpose of predicting the achievable charging distance, the equation is rewritten to
yield the electrode separation LτC , which then represents the maximum distance where the
interface charges to e−1 of the applied pulse for a given time τpulse. Importantly, equation
4-1 expresses the expected distance over which significant charging occurs in terms of funda-
mental constants of the electrolyte, namely the diffusion coefficient, the concentration, and
the dielectric constant of the solvent; LτC ∝ D

√
C
ε , using the expression for λD as given by

equation 1-4 in section 1-2.
Along this line, dimethyl sulfoxide (DMSO) based electrolytes have been used previously as
a means to decrease the ion diffusion coefficient and therefore increase the resolution with
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respect to aqueous solutions for the localized etching of gold [135,136]. We use this approach
of DMSO as a solvent to demonstrate the nanoscale deposition of cobalt using short voltage
pulses, with feature sizes below 100 nm. Furthermore, we argue that the difficulties in confin-
ing ultrashort pulses in aqueous electrolytes are ultimately due to the high diffusion coefficient
of protons, which we confirm by a comparison with literature and observe experimentally in
the greatly enhanced writing resolution as compared to aqueous electrolytes.

4-2 Comparing diffuse layer charge relaxation to machining litera-
ture

First, we compare the resolution predicted from the diffuse layer charge relaxation with that
reported in nano/micro-machining resolution literature for the electrochemical etching of holes
or trenches in metal electrodes. To assess the extent of the charging process, we consider works
that have a long total machining time, so that the etching process is expected to be complete,
i.e. longer machining times would not result in wider etched features. By considering these
terminated processes, we assume that the width of the etched features corresponds to the
farthest distance at which the double layer is sufficiently charged to thermodynamically allow
the oxidation reaction at the substrate, and the corresponding reduction reaction at the
tool/tip.
It should be realized that τC corresponds to the RC time, after which the interface is charged
to e−1, or ∼ 63 % of the applied pulse. As we are interested in the maximum distance at
which the interface is charged to a certain potential for a given pulse time, this distance
should therefore be corrected by the time-dependent charging.
This is illustrated in Fig. 4-2a for the case where the required potential is reached before the
interface is charged to 63 % of the applied pulse. As such, the reaction can occur for pulse
widths below τC . The maximum distance Lmax at which the reaction will still proceed is then
determined by the shortest pulse of time tmin that results in charging of the interface to Vreq.
We solve for the minimum time, tmin, for a certain pulse height Vpulse in terms of τC , obtained
from the time dependent charging of a capacitor V (t); Vreq = V (tmin) = Vpulse(1 − e−tmin).
For all considered works this yields tmin in units of τC , which then represents the required
charging time to allow the etching reaction to occur for the employed pulse height Vpulse.
This minimum time is then used in equation 4-1 to obtain the etching resolution.

The predicted resolution is compared with that shown experimentally in the works of Schuster
et al. [64], De Abril et al. [66], and Kock et al. [68], which include different metals (Ni, Cu),
electrolyte concentrations (1-200 mM), and pH (1-3). Importantly, we consider the diffusion
coefficient of protons (D = 1·10−8m2

s [90]), as all works use acidic electrolytes. Following the
discussion in the previous paragraph, we define the required potential, Vreq, as the sum of the
potential change required for both the tool and sample, from the respective rest potentials,
to reach the corresponding reaction standard potentials. We consider the hydrogen evolution
reaction (HER) to occur at the tool/tip, with a pH-dependent potential EHER = 0 - 60
mV*pH, and the metal oxidation at the substrate, where we use the potentials ECu = 340
mV, and ENi = 80 mV [137] for copper and nickel, respectively, with potentials vs. the
standard hydrogen electrode (SHE). All parameters used to determine the required charging
time are shown in SI Table 4-1.
Fig 4-2b shows the results, with open symbols indicating the literature values, and closed
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connected symbols the predicted resolution. The figure shows that the values calculated from
equation 4-1 match those obtained in literature rather closely, in particular for the shortest
pulse times, and within a factor ∼ 2 for all datapoints. Here it should be noted that most
data displays the expected linear dependence between pulse time and etching resolution.
Furthermore, the calculated values capture the concentration dependence that is observed
experimentally, which in the model results from a decrease in the screening length. As such,
we propose that considering τC as the governing parameter for localized electrochemistry
provides a handle to quantitatively predict the extent of the reaction in terms of fundamental
constants of the electrolyte, being the screening length and diffusion coefficient.
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Figure 4-2: a) Illustration for the charging of the interface at the maximum etching distance
Lmax (red dashed curve). As the minimum potential required for the reaction to proceed is
less than 63 % of the pulse height, Lmax is obtained at the shortest pulse time tmin where
the interface just charges to the required potential. The charging curve for a distance that is
shorter than the distance at which the interface charges to 63 % of the pulse height for a pulse of
width tmin (LτC

) is shown for comparison (blue curve) b) Comparison of the etching resolution
reported in literature (open symbols), with that predicted by diffuse layer charge relaxation (closed
connected symbols). The results seem to be in good quantitative agreement within a factor 2
for all datapoints, considering different concentrations and electrolytes. The works considered are
references [64,66,68].

4-3 Nanoscale electrodeposition with an STM

The previously considered works focused on localized etching. In principle, the reverse pro-
cess of local deposition by reversing the polarity of the pulse is expected to be equivalent.
We conduct deposition experiments with an electrochemical scanning tunneling microscope
(STM) in a 4-electrode setup under ambient conditions. The STM is coupled to both a
bipotentiostat, and a pulse generator, as is schematically shown in Fig. 4-3a. As such, the
potential of the tip and substrate can be controlled independently, which is critical for the
operation of the tunneling feedback mechanism that requires a potential difference between
the tip and the substrate. As the feedback current is typically set to ∼ 1 nA, STM tips are
coated with an insulating wax to decrease the exposed area and minimize parasitic Faradaic
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current along the length of the probe.
The connection to the tip is switched between the potentiostat and the pulse generator through
a relay, where the connections of both are such that potential control over the tip is main-
tained when the relay is switched (the tip connection is at measurement ground in both cases).
The deposition protocol is as follows; i) scanning of the surface, ii) withdrawing the tip by
a certain ’dwell distance’, iii) switching the relay to the pulse generator and sending a pulse
train into the tip, iv) switching back the relay to the potentiostat. A detailed description of
the setup can also be found in reference [51]
The electrochemical cell consists of 4 electrodes, where both the counter electrode and quasi-
reference electrode (QRE) are gold wires, the substrate is single crystal (111) Au, and the
probes were either commercially available Pt-Ir tips, or an electrochemically etched Pt wire.
Following the discussion in section 4-1, we use DMSO as a solvent to decrease the diffusion
coefficient of ions in solution with either a 50 mM or 500 mM CoSO4 electrolyte.
Fig. 4-3b shows a cyclic voltammogram (CV) of the substrate in 500 mM CoSO4 (DMSO).
The reduction reaction with an onset at ∼ -900 mV is associated with the deposition of
cobalt, as confirmed by STM imaging. The cobalt oxidation is connected to the oxidation
wave starting at ∼ -400 mV (blue curve), as confirmed by the absence of the oxidation wave
when stopping the scan at higher potentials (grey dashed curve). The reduction reaction at
∼ -300 mV is thought to be associated with oxygen present in the electrolyte and was found
to disappear when the solution was deaerated.
An important consideration for the electrolyte is the reversibility of the deposition reaction.
As the reduction/oxidation of Co are separated in potential by a few hundred mV, this pro-
vides an electrochemical window where the substrate potential can be fixed as to both prevent
global deposition on the substrate to occur, while also preventing dissolution of the deposited
structures. The tip and sample rest potentials are depicted in Fig. 4-3b, where the tip has to
be kept at a different potential with respect to the substrate to enable the tunneling current
feedback.
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Figure 4-3: a) Schematic representation of the electrochemical STM setup, connected in a 4
electrode configuration. Local deposition is done by lifting the tip and switching the connection
to the tip from the bipotentiostat to an external pulse generator. b) Cyclic voltammetry on the
Au (111) single crystal substrate in 500 mM CoSO4 (DMSO). The reduction (∼ −900 mV) and
oxidation (∼ −400 mV) potentials for Co2+/Co are indicated. The tip and substrate potential
are kept apart to enable scanning feedback, where the substrate potential is kept within the
electrochemical window of cobalt. The scan rate is 100 mV

s .
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In-plane writing

We demonstrate the possibility of in-plane nanoscale writing using this method. Fig. 4-4a
displays the topography of 500 nm lines written at different dwell distances (10, 20, 30, 60
nm) from 500 mM CoSO4 (DMSO). The lines are written with 10 consecutive pulse sequences
at positions spaced 50 nm apart, as indicated by the red dots in the first image. For every
point the tip finds the surface, is retracted by the dwell distance, and a pulse train is sent.
The pulse train consists of 2000, 5 V pulses of 100 ns, with a 10 µs period. The tip/sample
potential is kept at -500/-700 mV vs. Au QRE. To reduce the total charging required for the
tip, the low level of the pulse is set to 1 V (i.e. 500 mV vs. Au QRE).
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Figure 4-4: a) STM topography images of cobalt lines written at different dwell distances by 10
consecutive pulse sequences 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 dwell distances (solid, 10 nm,
dashed, 20 nm, dash-dotted, 30 nm). The width of the lines is defined as the region where the
average profile is higher than 1 nm (red line). c) Lmax, as defined in the main text as the shortest
path from the tip to the edge of the deposit for different dwell distances.



4-3 Nanoscale electrodeposition with an STM 53

Figures 4-4b and 4-4c illustrate the robustness of the localization by considering the maximum
writing distance from the average profile of the written lines as Lmax =

√
Dwell distance2 + w

2
2,

with w the width of the deposit taken as the average height above 1 nm (red line in Fig. 4-
4b), where it should be noted that the pixel resolution of the images is ∼ 8 nm. Lmax is
found to be constant at ∼ 55 nm, as expected when keeping the pulse parameters the same.
Interestingly, this maximum is confirmed by attempting to write at a dwell distance of 60
nm, where no deposition was observed.

Charging distance as a function of pulse time

We systematically investigate the maximum distance over which deposition occurs as a func-
tion of pulse width. The employed measurement routine aims to consider only the shortest
path from tip to sample, rather than attempting to determine the maximum deposition dis-
tance from the shape of the deposit, which can not always be unambiguously determined
from the resulting deposition (see SI 4-6). We believe that this uncertainty can be due to the
shape/quality of the STM tip, or possibly a high nucleation overpotential for the deposition.
The experimental procedure is therefore as follows and is illustrated in Fig. 4-5a: The tip
is lifted by a certain dwell distance after which the pulse width is increased until deposition
is observed. The dwell distance is then considered as the maximum distance for that pulse
time. This sequence is then repeated for the next dwell distance. The presence of deposition
is therefore reduced to a binary qualification (SI 4-6), where deposition ’is’ or ’is not’ observed
for a certain pulse width at a given distance. To eliminate effects of sample inhomogeneity,
the potential of the substrate is lifted above the cobalt oxidation potential after deposition is
observed. In all cases the deposits are then dissolved, partially confirming that they consist
of Co, and allowing an experimental sequence to be done on the same spot.
The result is depicted in Fig. 4-5b, showing the minimum required pulse width for a cer-
tain dwell distance, with the error bars given by the longest pulse where no deposition was
observed (error is 10 ns for the triangular datapoints). The pulse train consists of 104, 2.5
V pulses, with a period of 10 µs for all pulse widths. A low duty cycle is used to allow the
system to settle between pulses. The dashed lines are linear fits to the data. All data is
obtained from 50 mM CoSO4 (DMSO), with the different symbols indicating different STM
tips (Pt for triangles, PtIr for diamonds and squares). SEM images of the tips are displayed
at the end of their respective fitted curves. (images of the tip apex are provided in SI 4-7).
The tip/substrate rest potentials are -700/-900 mV (triangles, squares), and -850 mV/-1050
mV (diamonds).
The solid lines correspond to LτC as a function of pulse width as obtained from equation 4-1.
We use εDMSO = 46.7 to obtain λD, and plot LτC for i) a diffusion coefficient of Cobalt in
DMSO that is estimated to be 5·10−10m2

s , based on measurements of CoCl2 in water [138]
and scaled with the viscosity η of DMSO (ηwater : ηDMSO = 1:2, with D ∝ 1

η ), and ii) for
a diffusion coefficient of 7·10−11m2

s , found in literature [139]. The difference is expected to
be due to the solvation of the 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 two values [136]. As such, this indicates the
distance to which the interface is polarized to at least e−1 times the pulse height. Considering
a required polarization of ∼ 1500 mV, a slightly shorter required charging time of ∼ 0.9 · τC
is expected for the 2.5 V pulses.
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Figure 4-5: a) Illustration of the deposition protocol to determine the maximum distance. De-
position is attempted at a certain distance L1 by increasing the pulse width until deposition is
observed. The surface is scanned after every pulse train with a given pulse width. Once deposition
is observed, the sequence is repeated at a higher distance (L2). b) L vs. Pulse width, obtained
with the procedure in a) in 50 mM CoSO4 (DMSO). The datapoints indicate the minimum pulse
width at which deposition is observed, with the error bars indicating the maximum pulse width
without deposition. The different symbols indicate different STM tips, as shown next to the linear
fits to the data (scale bar 2 µm). The solid lines represent LτC

as obtained from equation 4-1
from 50 mM aqueous and DMSO electrolytes.

From the figure it can be seen that that the maximum deposition distance is linear with the
pulse width, as expected from equation 4-1, and that all datapoints fall within the region
spanned by LτC . As the required charging time for this pulse height is close to 1·τC , the
result is expected to lie close to the Lτc line. It is worth mentioning that we observed de-
position in aqueous electrolytes (50 mM CoSO4 (aq), pH ∼ 4) with 10, and 20 ns pulses at
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dwell distances of 200, and 500 nm, respectively, which is only allowed by the diffuse layer
relaxation model when accounting for the fast diffusion of protons. This is shown by the blue
solid line, for which LτC is obtained for an aqueous electrolyte, with εH2O = 80.1 and using a
diffusion coefficient of protons of 1·10−8m2

s [90] for comparison.
For the observed linear relation between pulse time and deposition distance. there are three
main deviations from that given by the diffuse layer relaxation model; i) the slope is smaller
for all tips compared to that for a diffusion coefficient of D = 5·10−10m2

s and for the sharpest
tips (diamonds and squares) it is also smaller than the slope for D = 7·10−11m2

s , ii) there is
an offset for crossing of the x-axis, or time delay for the onset of deposition, iii) the slope and
time delay are tip dependent.
It should be realized that the expression for τC assumes an instantaneously applied potential
difference between two parallel electrodes. The fact that we observe a slower response in the
form of longer required pulse times may therefore arise from parasitic capacitance along the
STM tip that perturbs the pulse arriving at the apex. It has been demonstrated recently
that machining resolution can be improved for a given pulse time by introducing an addi-
tional capacitor that slows down the charging [140]. This explanation of a perturbed pulse is
supported by the observation that the slope decreases for sharper STM tips (SI 4-7), where
sharply curved metal surfaces are expected to have a higher capacitance due to the ’lightning
rod’ effect.
It is harder to explain the offset for crossing the x-axis. Strikingly, we observe that the linear
fits to the three datasets result in the same value for the intercept with the y-axis (at -25 nm
± 1 nm, not shown in the Fig 4-4). It is at this point unclear whether this is a coincidence,
as the negative distance value does not not seem to have a straightforward physical meaning.

4-4 Conclusion

This chapter demonstrated the nanoscale electrodeposition of cobalt from a DMSO solution,
using short voltage pulses applied to an STM tip. A framework was presented to interpret
the achievable resolution in terms of fundamental properties of the electrolyte. This has
implications for the use of aqueous electrolytes in nanoscale pulsed deposition, as the high
diffusion coefficient of protons forces the use of extremely short pulses, which might not be
feasible experimentally. We expect that this method can be extended to other materials,
where a second important consideration is the reversibility of the metal deposition as to
enable the substrate to be held at a suitable resting potential [137,141].

4-5 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 Scientific UK).

Tip preparation
PtIr STM tips were purchased from NaugaNeedles (NN-USPtIr-W250, nominal radius 25-50
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nm). An electrochemically etched Pt wire tip was used for the red triangles in Fig. 4-5. All
tips were coated with a thermoplastic wax (Apiezon, wax W).

Electrochemical cell
The electrochemical cell was made from polychlorotrifluorethylene. The sample was Au single
crystal ((111)-out-of-plane < 1 %, 99.999 % purity, Mateck, Germany). For the experiments
in Fig. 4-5 (diamonds, squares) the sample was cleaned by cyclic voltammetry in water with
low amounts of H2SO4 prior to the experiment.

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 (2x81111A, Agilent, USA). A detailed
description of the setup can be found in reference [51].
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4-6 Supplementary information

SI-1 Values used for predicting etching resolution

Table 4-1: Parameters used for the predicted resolution of the systems used in literature.

Schuster et al [64] Kock et al. [68] De Abril et al. [66]

Material Cu Ni Cu
charge number (z) 1.1 1 1

1.5 1
Tip/substrate pot. (mV) 200/0 vs. Cu2+ -5/-150 vs. Ag/AgCl 100/-100 vs. Cu2+

Pulse Height (V) 1.6 2.2 3.2
pH 1 1 2

2 3
Eox substrate (mV) 0 vs Cu2+ -150 vs. Ag/AgCl 0 vs Cu2+

Ered tip (mV) -400 vs. Cu2+ -290 vs. Ag/AgCl -460 vs. Cu2+

-460 vs. Cu2+ -520 vs. Cu2+

Total potential (mV) 600 285 660
660 700

Required time in τC 0.47 0.14 0.23
0.53 0.255

Table 4-1 lists the parameters used in predicting the etching resolution in aqueous systems.
As explained in the main text the required charging time is scaled in terms of τC by solving
VTotal = V (t) = VPulseHeight(1 − e−t). We further use a diffusion coefficient of 1·10−8m2

s for
protons [90]. The charge number z used in the calculation for λD is included, as the work of
Schuster [64] uses a varying composition of the electrolyte.

SI-2 Example of determining deposition distance

50 nma) b)

-10

Figure 4-6: Example STM topography images of the qualitative determination of deposition as
used for Fig. 4-4. a) Deposition at 20 nm dwell distance with 300 ns wide pulses. b) Deposition
at 20 nm dwell distance with 350 ns wide pulses. From this procedure we take the distance over
which deposition can occur to be 20 nm for the 350 (±50) ns pulse, where we attribute the much
wider deposition profile to the shape of the tip. The scale bar is 500 nm.
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SI-3 SEM images of STM tips at higher magnification

a) b) c)

Figure 4-7: SEM images of the tip apex for the STM tips used in Fig. 4-4, used for the data as
depicted by the a) triangles, b) diamonds, and c) squares. The scale bar is 500 nm.
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Chapter 5

Potential dependent adhesion mapping

This chapter investigates the mechanical interaction between a gold substrate and an AFM
tip under different electrochemical conditions by means of continuous force spectroscopy. In
particular, we focus on the force of adhesion as a metric for the potential-controlled state of
the surface. We present adhesion maps of the surface that are both spatially inhomogeneous
and depend on the substrate electrochemical potential. As such, this can provide a way to
map and spatially resolve surface processes in-situ.

5-1 Introduction

Electrochemical reactions are governed by the interfacial region near the electrified surface,
which includes both the specific adsorption of ions at the substrate, and the potential distri-
bution between the solid and the liquid. An accurate picture of this region is therefore very
relevant for any electrochemical process [142]. A tool capable of probing the solution struc-
ture with high resolution is the electrochemical surface force apparatus (EC-SFA), which can
provide a force profile when approaching a potential-controlled surface with sub-nanometer
precision of the separation distance [143–145]. A disadvantage of the SFA is the lack of
spatial information however, considering the importance of sample inhomogeneity for the
electrochemical behavior [119,146,147], down to the single atomic level [148,149].
The atomic force microscope (AFM) therefore provides an attractive alternative for force
spectroscopy with spatial resolution [150,151], and has been used in recent years for mapping
of the electrical double layer (EDL) under different conditions [103, 107, 152]. Furthermore,
potential control can be added to both the substrate and the tip [153], as has been done in
efforts extending kelvin probe force spectroscopy to electrolyte systems, which also provides
information on charging dynamics [27,100,108].
In this chapter we use a similar method of force spectroscopy, but rather focus on the force
of adhesion between an AFM tip and a substrate under potential control, which we use to
map the interaction spatially. This has garnered interest in the past [154–156], however to
the best of our knowledge voltage dependent adhesion studies have been mainly limited to
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single spots on the substrate.
The work of adhesion required to pull the tip from the sample can most broadly be understood
in terms of the energy difference between creating a substrate-liquid and tip-liquid interface,
and the original tip-substrate interface given by [156],

Wadh = γSL + γTL − γTS (5-1)

With Wadh the work of adhesion, γ the interfacial free energy, and the subscripts S,L,T, indi-
cating substrate, liquid, tip, respectively. The work of adhesion therefore comprises multiple
physical effects,

Wadh = WV dW +Wsolv +Wchem +WEDL (5-2)

Where the right hand side denotes the work due to different interaction forces. As such,
the adhesion holds information on Van der Waals (VdW), solvation (solv) [106, 157], specific
chemical interaction (chem) [158], and the electric double layer and other electrostatic forces
(EDL) [155]. The work of adhesion can be obtained directly from the pull-off force by using a
proper model for the contact mechanics [144, 159]. As such, the adhesion force also contains
information on the different interaction forces, which can all possibly be influenced by means
of potential in an electrochemical system [156].
Here, we present spatially resolved adhesion measurements on a gold surface under potential
control, in a Na2SO4 electrolyte. We observe a pronounced potential dependence in the adhe-
sion which is inhomogeneously distributed over the substrate, and as such holds information
on the local state of the surface.

5-2 Adhesion mapping with potential control

The experimental setup is shown schematically in Fig. 5-1a, and consists of an electrochemical
atomic force microscope (AFM), using a Pt coated tip (Peakforce SECM, Bruker, nominal
tip radius ∼ 25 nm) in a 3-electrode configuration. The counter and reference electrode are a
circular Pt wire and a Ag/AgCl reference, respectively. The substrate is gold coated silicon
with a titanium adhesion layer (50 nm Au + 5 nm Ti), which we observe to have a pronounced
(111) orientation from X-ray diffraction measurements on a representative sample as shown
in SI 5-4.
Experiments are done in an aqueous Na2SO4 electrolyte. The electrochemical behavior of the
system is shown by the cyclic voltammogram (CV) in Fig. 5-1b, for 10 mM Na2SO4 at a scan
rate of 5 mV

s . The potential-dependent surface processes of sulphate containing electrolytes
on single crystal gold electrodes have been extensively characterized [160,161]. In particular,
the work in reference [160] illustrates a process of progressive sulphate adsorption on a gold
(111) electrode as the potential is increased over the range ∼ 0.3 - 0.8 V vs. Ag/AgCl at
pH 1. The adsorbed sulphates are found to be mobile on the surface up to the end of this
range at ∼ 0.8 V vs. Ag/AgCl, when they form an ordered overlayer. From these works we
interpret the oxidation wave at 0.5 V vs. Ag/AgCl as the onset of sulphate adsorption, with
the reduction on the retrace being the opposite process. Importantly, the onset potential at
0.5 V vs. Ag/AgCl is also associated with both the point of zero charge (PZC) of the gold
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electrode, and a reconstruction of the gold surface from (p x
√

3) to (1 x 1) [160]. Finally, we
attribute the oxidation at higher potentials to the onset of gold oxidation. As such, we focus
on the potential range between 0.2 - 0.8 V vs. Ag/AgCl, where we consider the main processes
to be double layer charging for the region 0.2 - 0.4 V and progressive sulphate adsorption at
potentials 0.4 - 0.8 V.
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Figure 5-1: a) Schematic representation of the electrochemical AFM setup. The system is
configured in a 3-electrode configuration. b) Cyclic voltammogram in 10 mM Na2SO4. The
waves at ∼ 0.5 V are associated with sulphate (de)adsorption, with the oxidation of gold starting
above 0.8 V. The scan rate is 5 mV

s .

Adhesion force mapping is done by operating the AFM in PeakForce tapping mode. In this
mode, the cantilever is driven in a sinusoidal motion, where the tip is continuously executing
a force curve in a tapping fashion. The frequency of oscillation is set to 122 Hz, and the
cantilever deflection is sampled using High Speed Data Capture (HSDC) at a rate of 500 kHz.
This is illustrated in Fig. 5-2a, where a typical force curve is shown. The force is measured
by means of the deflection of the cantilever, monitored by a laser beam reflected from the
cantilever onto a photodiode, and serves as the feedback signal. As such, approach of the
cantilever yields a loading curve until it reaches the force setpoint (bottom of the driving sine,
dashed curve), after which the tip retracts. We define the force of adhesion as the minimum
value of the unloading curve, as highlighted in the figure (dashed circle).
The position dependent adhesion force as a function of applied potential is shown in Fig.
5-2b, where the tip is not under potential control. In the figure every pixel corresponds to the
adhesion obtained from a single force curve. We continuously scan the same 500 nm long line
by disabling the slow scan axis of the AFM system. At the same time the substrate potential
is stepped between ∼ 0.2 - 0.8 V vs. Ag/AgCl in steps of 0.05 V, where every potential is
maintained for 60 s. This polarization routine is executed 2 times. The oscillation amplitude
of the cantilever is 100 nm, with a force setpoint of 10 nN. The scan rate of the AFM is set
to 0.1 Hz, and force curves are only recorded during the trace of the scan. As such, there is a
5 second gap in recording between consecutive lines in Fig. 5-2b, and every 6 lines constitute
a single potential step. The topography is obtained simultaneously, where the profile for the
final line of the scan is depicted in Fig. 5-2b, with the full scan shown in SI 5-5.
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Figure 5-2: a) Illustration of a force curve in peakforce tapping, the cantilever is driven sinu-
soidally (black dashed curve), where the tip approaches the sample (blue) until the setpoint force
is reached, after which the tip retracts from the surface (red). The adhesion is taken as the lowest
point of the unloading curve, as illustrated by the dashed circle. b) Adhesion force map over a
single 500 nm scan line as a function of time, while following the polarization routine as depicted
on the right. The topography is shown at the bottom, as obtained from the final scan line.
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Figure 5-2 shows a clear potential dependence in the adhesion force, which is reproduced over
both cycles. A similar trend is present in the opposite direction of the potential sweep on a
different area of the substrate (SI 5-6). We mainly observe higher adhesion at low potentials,
which decreases when stepping the potential up. Importantly, the most pronounced change
in adhesion occurs at ∼ 0.5 V, which is the potential of the peak of the oxidation transient
in the CV in Fig. 5-1b. We note however that the potential at which the adhesion abruptly
changes is inhomogeneous over the surface.
To gain quantitative insight on the adhesion, we plot the histogram of adhesion at each
potential for both cycles simultaneously as a violin plot in Fig. 5-3a, for both the forward
and the backward potential scan [162]. The absolute value of the adhesion is depicted for
clarity. While it is evident from Fig. 5-3 that the adhesion tends to high (low) values at
low (high) potentials, a more intricate evolution with potential is now visible. In the positive
scan direction (Fig. 5-3a, top) the distribution initially broadens asymmetrically to higher
adhesion values, which we observe to be due to certain locations on the substrate in Fig. 5-2b.
This fraction of the histogram with high adhesion is also reflected in the average value of the
adhesion, as shown in Fig. 5-3b. The reverse scan shows a different potential dependent
behavior in the region 0.6 - 0.4 V, resulting in a hysteresis loop in the average adhesion
shown in Fig. 5-3b. Similarly to the forward scan however, the reverse sweep also displays
an initial broadening of the distribution. While these measurements are done on different
locations of the substrate, it should be noted that the final distributions and average values
are very similar in both cases. We therefore consider it likely for the hysteresis to be caused
by different electrochemical behavior for both scan directions, rather than a difference in the
measurement locations.

We now compare these results with those reported in literature, where it should be noted
that the shape for the average adhesion in Fig. 5-3b for the forward scan is qualitatively the
same as that observed by Kasuya et al. [163] using K2SO4 on a gold electrode (1 mM, pH 7).
Additionally, Serafin et al. [155] observe a similar increase in adhesion on a certain potential
range for a gold surface in 10 mM NaOH. This increase occurs at the same potential as the
specific adsorption of OH− on the gold surface, as evidenced by cyclic voltammetry. Based on
additional measurements in other electrochemical systems the force of adhesion is attributed
to the reorganization energy of water and/or the anion at the surface. As such, a strong
adhesion is expected for disordered surfaces. This explanation shows striking similarities
with our experiments and the picture of the gold surface laid out at the start of this section,
where progressive sulphate adsorption is expected in this system, culminating in an ordered
overlayer at the highest potentials.
Considering again the results of Fig 5-2 and Fig. 5-3a with this interpretation in mind,
the different parts of the adhesion distribution are then associated with certain regions that
behave differently. Starting from the PZC and scanning the potential up, specific regions
of high adhesion then contain weakly bound water or sulphates, which progressively become
more ordered at higher potentials. On the other hand, some regions go directly into the final
state of a more ordered layer, evidenced by a sudden switch to low adhesion at the PZC.
Interestingly, while the general behavior is the same over both cycles, the response is not
exactly the same for all sites for the consecutive potential sweeps. This therefore leads us to
believe that the observed behavior is related to randomized adsorption, rather than effects
related to the local topography.
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Figure 5-3: a) Violin plots of the adhesion force distribution as a function of substrate potential
for the upward (top) and downward (bottom) potential scan, containing both potential cycles. b)
Average value of the adhesion force as a function of substrate potential for both scan polarities
and containing both cycles. The absolute value of the adhesion is shown for clarity for all images.
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5-3 Conclusion

In summary, we present adhesion mapping of a potential-controlled gold surface in a Na2SO4
electrolyte. We observe a clear dependence of the adhesion value on the potential of the
substrate, that is spatially inhomogeneous. Based on literature, this behavior is related to
the degree of order of the surface, where the adhesion is a metric for the reorganization
energy of the interface. More specifically in our system, this is linked to the adsorption of
sulphates at the electrode, based on cyclic voltammetry. From our experiments we observe
that this disorder appears at specific locations of the substrate for a certain polarization of
the electrode, but appears to be more randomized over different potential cycles. As a final
remark, we highlight the possibility of additional potential control of the tip electrode in our
experimental setup. Considering the different effects that influence the adhesion force, this
provides an additional degree of freedom, where the potential, or chemical makeup of the tip
can be changed in-situ to modulate the sensitivity of the measurement to electrical, chemical,
or solvation forces.

5-4 Methods

Materials
The substrate consists of a Au film (∼ 50 nm thick) with a ∼ 5 nm Ti adhesion layer
deposited by electron beam evaporation on top of a p-type Silicon sample (Siegert Wafer)
as a flat support. The solutions were prepared using Na2SO4 (ACS reagent, ≥ 99.0%, from
Sigma-Aldrich) in MilliQ® (18.2 MΩ· cm) water.

Electrochemical cell
The electrochemical cell was homemade and consisted of Teflon™, made leak tight by an O-
ring. Top-contacts were made by a spring-loaded pin outside of the O-ring. Potential/current
control and readout were done with a CH760E potentiostat. Measurement were done in
a 3-electrode configuration. The counter electrode (CE) consisted of a circular platinum
wire around the edge of the cell. The reference electrode was a leakless miniature Ag/AgCl
electrode (EDAQ, ET072-1), inserted on the side of the cell. As such the distance between the
CE was closer to the sample than the reference, which we consider not to influence potential
control as the experiments are carried out in the EDL charging regime and therefore no IR
drop is expected.

Atomic force microscope
The measurements were performed using a Bruker Dimension Icon AFM, controlled through
the Nanoscope software. The nanoelectrode AFM probes were obtained from Bruker (Peak-
Force SECM) and were electrically insulated except for the platinum coated apex, which has
a diameter of ∼ 50 nm [110]. The AFM spring constant was obtained for each cantilever by
doing a thermal tune at a distance of ∼ 1 mm from the substrate in air after obtaining the
deflection sensitivity on the gold substrate. The resonance frequency of the tip was 52.5 kHz,
with a quality factor of 139, which we report here as proposed in reference [115]. From this,
a spring constant of 0.77 N

m was obtained.
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Reference electrode calibration

The open circuit potential (OCP) of the miniature reference electrode is measured against
a larger saturated Ag/AgCl reference electrode (Radiometer analystical B20B300, XR300.
Batch: 182B4-A10) in a 1 M Na2SO4 solution before the measurement as a means of calibra-
tion (where the OCP of the miniature reference was +193 mV for the measurements in this
chapter). The large reference electrode is used only for calibration purposes.

Data treatment

HSDC data is read out in MATLAB®, using the NanoScopeMatlabUtilities (NSMU) toolbox.
Individual force curves are identified by means of detecting dummy datapoints that are in-
serted by the NSMU toolbox and separate tapping cycles. The adhesion force is then obtained
for every force curve as the lowest value of the unloading curve, defined by a synchronization
parameter obtained from the AFM datafile.
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SI-1 XRD of a gold substrate.
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Figure 5-4: X-ray diffraction measurement of a representative sample consisting of 50 nm Au +
5 nm Ti on silicon. A pronounced peak associated with the Au(111) orientation is observed at a
2Θ angle of ∼ 38.1°.

SI-2 Topography during the potential scan (increasing).

0 100 200 300 400 500
Position (nm)

20

40

60

80

100

120

140

Ti
m

e

0

1

2

3

4

5

Height (nm)

Figure 5-5: Topography obtained during the measurement as shown in Fig. 5-2. The image is
modified by a line-by-line linear correction for sample tilt.
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SI-2 Adhesion map during the reverse potential sweep
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Figure 5-6: Adhesion as a function of potential over a 500 nm wide scan line with the opposite
polarization routine as in Fig. 5-2, obtained at a different location on the substrate.
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Chapter 6

Nanofluidics in microscopic systems

In this final chapter we turn from scanning probe systems, and rather use electrical transport
measurements to investigate ionic current along the electrical double layer. We present an
experimental platform designed to observe the phenomenon of ion current rectification (ICR)
at large scales, by considering asymmetric microscopic channels. The ICR emerges due to an
interplay between bulk and surface transport, and the results presented in this chapter are
to the best of our knowledge the first to show this behavior in microscopic channels without
the use of chemical modification.

6-1 Introduction

Ionic transport in small channels has unique properties compared to that in the bulk, as the
response of the system is influenced by the interface. This allows for interesting phenomena
such as selective transport or ion pumps [164, 165], streaming currents [166], and electrical
circuit analogues [167,168]. Most of these are understood by considering the electrical double
layer (EDL), that forms near the surface in a region bounded by the Debye screening length,
λD. Within the EDL the solution is not charge neutral, as counterions balance the charge
density of the channel wall. Relevant to the measurements presented in this chapter, ionic
transport through the EDL differs from the bulk in 2 main ways; i) Surface charge typically
present on the channel walls attracts counter,- and repels co-ions, making transport through
the EDL selective for a certain polarity of charge carriers [164], ii) as the total charge in
the EDL is (at least directly) independent of the bulk concentration, but rather balances
the surface charge density of the channel wall, the conductivity is concentration-independent
[169,170].
A unique case is that of ion current rectification (ICR), where the current response of the
system displays non-linear current-voltage behavior with a high-, and low conductance state.
[171, 172]. Understanding such ionic nonlinear response is of broad interest, extending to
applications such as desalination or energy generation [173,174].
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ICR has been observed in asymmetric nanochannels, where the asymmetry can be intro-
duced in different ways, such as geometry, charge, or concentration [175–177]. The process is
schematically illustrated in Fig. 6-1 for a geometrically asymmetric channel.

t+ = 0.5 

t- = 0.5

t+ = 0.5

t- = 0.5 
Bulk

EDL

a) b)

t+ > 0.5

t- < 0.5 

t+ 

Depletion

EE

t+ ~ 1

Figure 6-1: a) Schematic representation of a symmetric channel with a negative surface charge,
where the channel radius is larger than the EDL. With an electric field applied as indicated, the
middle of the channel behaves as the bulk, where t+ = t− = 0.5 for ions with equal mobility.
In the EDL there are mainly counterions present, resulting in selective transport with t+ ∼ 1.
The transference numbers vary along the cross section of the channel, but are constant along the
channel length. b) Representation of a tapered channel. As the relative contribution of the EDL
to the total transport varies along the channel length, the transference numbers differ at the large
base, which is bulk-like with t+ = t− = 0.5, and the smaller tip, which is more surface-like with
t+ > 0.5 > t−. This asymmetrical transport results in ion depletion (accumulation) for positive
(negative) applied potentials and suppressed(enhanced) conductance.

Firstly, Fig. 6-1a shows a symmetric channel carrying a negative surface charge, and with a
diameter larger than 2·λD, as represented by the red shaded area. For simplicity we consider
a 1:1 electrolyte with ions of equal mobility. Upon applying of an electric field we then
distinguish ion transport through the center of the channel and that near the interface along
the EDL. Ion transport through the center behaves as that in the bulk, where anions and
cations are transported equally. This results in equal transference numbers for both polarities,
t+ = t− = 0.5, where the transference number is a metric for the partial current due to any
of the ion species. In contrast, current is carried mostly by cations at the interface, given
the increased density due to screening of the surface charge, resulting in t+ ∼ 1 and t− ∼ 0.
Depending on the size of the channel with respect to λD, the total current is therefore either
carried equally by both species, or mainly by cations in the symmetric channel.
Fig. 6-1b shows the case for an asymmetric pore. We assume that the opening at the wide
base (left) is such that the conductivity is dominated by the bulk response, while the influence
of the surface is more pronounced at the small tip (right). In this case, the electric field along
the channel yields total a total transfer coefficient that gradually changes along the channel,
where t+ = t− = 0.5 at the base and t+ > 0.5 > t− at the tip, as a larger part of the current
flows through the charge-selective EDL. As such, cations (anions) leave the tip (base) more
easily than they are replenished from the base (tip), as indicated by the arrows in Fig. 6-1b.
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Realizing that the total current has to be equal on both sides of the membrane, this results in a
depletion of ions inside the channel, suppressing the conductance. The opposite is true for an
electric field directed from the tip to the base, which leads to accumulation of charge carriers
and enhanced conductance. This therefore results in an asymmetric electrical response of the
channel, with a low (high) conductance at positive (negative) potentials applied from base
to tip. Furthermore, this implies that the total current is (to a degree) selective, determined
by the transference at the tip. This effect of different conductance at opposite polarities is
known as ion current rectification.
As the depletion(accumulation) is governed by the varying relative contribution of the EDL
to the total transport along the channel length, this has often been thought to require the
width of the tip to be smaller than the EDL thickness (Rtip ≤ λD). However, ICR has also
been observed in systems much larger than λD recently through chemical modification of the
channel walls to increase the surface charge [178–180]. In fact, the argument above does not
prescribe double layer overlap at the tip, but merely requires that ionic transport in the tip is
influenced by the EDL rather than the bulk, as to achieve a difference in transference between
the base and the tip.

The length at which the surface conductance is comparable to that of the bulk is given by
the so-called Dukhin length lDu. With the total charge in the EDL being determined by
the surface charge, lDu relates the surface charge density to the bulk concentration, and can
be much larger than the screening length (up to several microns). Normalizing lDu to the
channel radius gives the dimensionless Dukhin number given by; [181]

lDu = |σ|
ecbulk

, Du = lDu
R

(6-1)

As such, Du > 1 indicates that surface conductance is dominant for a certain channel width.
Recent theoretical work has therefore explored the importance of the Dukhin number, rather
than the screening length, for ion transport in asymmetric channels, and predicts that this
is the key length scale for the occurence of ICR [182, 183]. The measurements conducted in
this chapter explicitly aim to verify these predictions experimentally; considering asymmetric
silicon microscopic channels without any chemical modification of the surface.

6-2 Conductance measurements in an asymmetric microchannel

Tapered microscopic channels are fabricated in a 2 µm thick silicon membrane by milling a
hole with a focused ion beam (FIB). The taper is created by writing concentric circles with
decreasing radius, with a base radius of Rbase ∼ 5µm and a tip radius of Rtip ∼ 1µm. Fig.
6-2 shows two membranes with similar geometry and size, which will be referred to as M1 and
M2 hereafter. When immersed in a homogeneous electrolyte, the size ratio of ∼ 5 between the
tip and base results in the same increase in Dukhin number, where Dutip = 5 Dubase following
equation 6-1. As the membranes are exposed to air prior to the transport measurements, we
expect the Si surface to be covered by a native SiO2 layer.
Measurements are carried out as depicted in Fig. 6-2c. The membrane is placed between
two reservoirs of equal concentration of KCl and a potential difference is applied across the
reservoirs using Ag/AgCl wire electrodes. The polarity of the potential is of note for the
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expected behavior, which is applied here to the reservoir facing the large opening. KCl is cho-
sen because the mobilities of the K+ and Cl− ions are similar. Furthermore, the Ag/AgCl
electrodes provide a facile reaction at the electrode to minimize the potential drop at the
electrode interfaces, so that the applied potential falls over the channel.
We measure the conductivity of the channel by means of I-V curves at different concentrations,
where the KCl concentration is varied by dilution of the baths. We note that unequal con-
centration of the reservoirs is expected to yield an offset of the open circuit potential (OCP)
of magnitude ∼ 60mV ∗ log10( c1c2) according to the Nernst equation [164], as was illustrated
in section 1-1.

a) M1 M2b)

c) Ag/AgCl wire

+
-

Ag/AgCl wire

c1

c1= c2  

c2

Figure 6-2: a,b) SEM images of tapered microchannels in a 2 µm thick crystalline silicon
membrane. The dimensions of the base and the tip are indicated in the image as measured
in the SEM, with Rbase ∼ 5 µm, and Rtip ∼ 1 µm. The scale bar is 4 µm, the images are
obtained with a tilt of 52°. c) Schematic representation of the experimental setup. Conductance
measurements are done with 2 Ag/AgCl wires across the membrane, separating 2 reservoirs of
equal concentration. The applied potential polarity is the side with the large opening with respect
to the small opening.

The resulting I-V curves for M1 and M2 are shown in Fig. 6-3a and b, respectively, where
the potential is swept from positive to negative voltages, for different concentrations of the
electrolyte baths. The current is normalized to the value I(-0.75 V) to highlight the shape of
the response. The limited concentration range for M2 is due to breaking of the membrane
during the dilution step, as the membranes are rather fragile.
At the highest concentrations both channels show ohmic behavior with a linear I-V response,
consistent with bulk dominated transport. By decreasing the ion concentration, conductance
through the channel starts to show rectification. In agreement with the discussion in section
6-1, the channel displays low(high) conductance at positive(negative) applied potentials as
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depletion (accumulation) of ions occurs in the channel.
Additionally, we calculate the differential conductance of the channels at 0 V as a function of
ion concentration, shown in Fig. 6-3c. The dashed lines indicate the expected conductivity
for a straight-walled 2 µm long channel of either 1 µm, or 5 µm radius (black dashed lines),
as given by [170],

G = πr2

L
((µ+ + µ−)ne+ µ+

2σ
r

) (6-2)

with r the radius, L the length of the channel, σ the surface charge of the wall, n the number
density of ions in the solution, e the elementary charge, and µ the ion mobilities. We consider
the same mobility for both ions, by using a diffusion coefficient of 1.9 · 10−9m2

s [184, 185]. It
should be noted that equation 6-2 contains a linear term with ion concentration for the bulk
response, and a concentration independent term for conduction through the EDL.
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Figure 6-3: a,b) Normalized I-V curves obtained for the micropore membranes from Fig. 6-2
at different concentrations. c) Differential conductance at 0 V for both membranes. The dashed
lines are obtained from equation 6-2 for straight channels with radius 1 µm, and 5 µm (black),
and for a tapered channel (grey) with those dimensions for the two openings (SI-1). The surface
charge is taken to be 150 mC

m2 , based on the data for M1.
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In the case of an asymmetric channel, we derive the expected conductance from equation 6-2
(SI-1), as shown by the grey dashed line for a tapered channel with the same dimensions for the
large and small opening, respectively. Based on the data from M1, we therefore use a surface
charge of 150 mC

m2 for all three calculations, which is in the same order as values reported in
literature [186, 187]. We note that the there is a slight difference in the conductivity of both
membranes, despite their dimensions being nominally the same, which can be due to different
membrane thicknesses as specified by the supplier (2 ± 0.5 µm). Following equation 6-2 the
figure shows a linear decrease of the conductivity at high concentrations, with a plateau at low
concentrations most clearly observed for M1. The latter is therefore an important feature as
it is associated with the surface dominated transport, which we observe here at concentrations
below ∼ 10−3 M, where the Debye length is much smaller than the tip radius (∼ 10 nm vs.
∼ 1 µm).

6-3 Ion current rectification

We now focus on the rectifying behavior emerging at low concentrations in the asymmetric
channels. To better asses the magnitude of ion current rectification we plot the concentration
dependent ICR in Fig. 6-4, given by the ratio |I(−0.75V )|

|I(0.75V )| . It should be noted that the absolute
ICR value is determined by the potential at which it is calculated, as a consequence of the
asymmetric response. Fig. 6-4 also shows the concentration dependent ICR as expected
from the model described in reference [183] (grey dashed line), defined as the difference in
selectivity between the tip and the base. The predicted ICR value is qualitative and is scaled
for clarity in the figure. For the model, we assume the radius of 1 µm, and 5 µm for the tip
and the base as obtained from the SEM images, respectively, and a surface charge density of
150 mC

m2 , estimated from Fig. 6-3c.
It is clear from Fig. 6-4 that ICR appears as the concentration is decreased, starting from
an Ohmic response (ICR = 1). Notably, the screening length is much smaller than Rtip at
the concentrations where the response starts to deviate from the linear relation (λD is ∼ 3
nm at 10−2 M). Similar to the model prediction, we observe that the ICR peaks, and then
decreases by lowering the concentration further in the case of M1 (blue circles). Here, it is
important to note that this apparent symmetry in the ICR has a different origin at both
ends. At low concentrations the base is also expected to get progressively more selective,
ultimately resulting in a transference of 1, similar to the tip. In this case, while the full
channel is selective for a certain ionic charge, the asymmetry is lifted, and no rectification
occurs. For the 5 µm base radius, the Dukhin number is ∼ 30 for a concentration of 10−5 M,
using σ = 150 mC

m2 . At high concentrations on the other hand, the asymmetry persists but
decreases in magnitude with the surface becoming progressively less dominant as the Dukhin
number decreases (Eq. 6-1). For the 1 µm tip radius, the Dukhin number is ∼ 0.15 for a
concentration of 10−2 M, using σ = 150 mC

m2 . As such, the transference number at the tip
gets closer to that of the bulk, making the channel more symmetric. In fact, ICR is still
expected to occur at higher concentrations, if the potential difference is increased sufficiently
so that even small differences between the transference at the tip and the base cause ion
accumulation/depletion [182]. In our experiments an exponential increase in the current for
both polarities is observed at applied potentials larger than ∼ 1 V, which we attribute to the
electrochemical response of the electrodes, rather than that of the channel.
As such, the data matches the trend in the model curve, and is rather close for the position
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of the peak in the case of M2. For M1, the region of ICR is noticeable wider than the
predicted shape. A possible explanation is that we assume a constant surface charge for
the model curve, as the main contribution to negative surface charge is thought to be the
pH-dependent dissociation of silanol groups and the experiments are conducted at constant
pH [188]. The surface charge has been predicted to be dependent on the KCl concentration
however, as a lower bulk concentration results in additional H+ ions in the EDL, effectively
lowering the pH near the interface [166,188]. A concentration dependent surface charge would
result in stretching of the ICR curve on the low concentration side, as observed for M1. A
different consideration is that our experimental system varies from the model calculation as
it assumes a slowly varying geometry, with the width halfway through the channel (whalf )
being much smaller than the total length (L), which is required as to decouple the transversal
and longitudinal ion relaxation in the channel [183]. This condition is not met in our channel,
where whalf ∼ L.
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Figure 6-4: ICR obtained at (-)0.75 V from the data in Fig. 6-3 for both membranes. The grey
dashed curve is obtained from the model in reference [183] using the dimensions obtained from
Fig. 6-2 and a surface charge of σ = 150 mC

m2 .

6-4 Conclusion

To conclude, we observe ICR in pores with a radius Rtip > 1µm, validating a recent theoretical
description of channel conductance, which is ruled by lDu rather than λD. To the best of
our knowledge this is the first demonstration of rectification in micron-sized pores without
chemical modification of the channels walls [178–180]. Considering the potential of ICR for
applications in desalination and osmotic energy generation [173], the use of silicon membranes
provides an attractive platform for further functionalization, since the devices are compatible
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with standard CMOS fabrication techniques. As the larger base opening allows for higher
current throughput, and the larger tip opening makes the system more resistant to clogging/
fouling, this is therefore a first step towards high throughput ion-selective membranes and
blue energy harvesting.

6-5 Methods

Current measurements
Conductance measurements were done with a Biologic SP-300 potentiostat using cyclic voltam-
metry, in a 2 electrode setup with 2 Ag/AgCl wire electrodes. The scan rate was 10 mV

s for
concentrations ≥ 9.7·10−4 M, and 15 mV

s at lower concentrations. The membrane was glued
to a tube with a silicone sealant to form the first reservoir, and then submerged in a larger
bath. The concentration was varied by dilution of the baths.

Electrode preparation
Ag/AgCl electrodes were fabricated following an adapted procedure from reference [189]. A
silver wire (99.9%) was immersed in 0.1 M HNO3 to remove oxide from the surface and then
rinsed with Milli-Q® water. The cleaned wire was used as a working electrode in a 3-electrode
setup with a platinum counter,- and quasi reference electrode in an aqueous solution of 3 M
KCl. The Ag wire was coated with AgCl by applying 2 V vs. the Pt wire reference for 10
minutes.

Micropore fabrication using focused ion beam
Asymmetric pores were fabricated in 2 µm thick crystalline silicon membranes (Norcada,
SM10480N) using a focused ion beam (FEI Helios Nanolab 600, Ga ions), by milling concentric
circles with decreasing radius. The beam current was 0.46 nA with an acceleration voltage of
30 kV. SEM images of the final device were made after milling in the same system.
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SI-1 Derivation of the conductance in a tapered nanochannel

Starting from equation 6-2 for a straight segment of the channel and using;

r = ((rbase − rtip
L

)x+ rtip from 0 to L→

dr = ((rbase − rtip
L

)dx from rtip to rbase

dRbulk = dx

πr2ne(µ+ + µ−)

Rbulk = L

πne2µ+(rbase − rtip)

∫ rbase

rtip

1
r2 dr

Rbulk = L

πne2µ+(rbase − rtip)
· ( 1
rtip
− 1
rbase

) (6-3)

dRsurf = 1
σµ+2πrdx

Rsurf = L

σµ+2π(rbase − rtip)

∫ rbase

rtip

1
r
dr

Rsurf = L

σµ+2π(rbase − rtip)
· lnrbase

rtip
(6-4)

Gtaper = 1
Rbulk

+ 1
Rsurf

(6-5)

Equations 6-3 through 6-5 are used for the conductance of the tapered channel in Fig. 6-3.





Summary

This thesis aims to measure and control behavior of ions in solution near a charged, or elec-
trified, surface. Such electrochemical systems are found everywhere, ranging from biological
to industrial processes, and can be greatly affected by small changes at the boundary between
the solid and the liquid. A better understanding of the dynamic processes occurring at the
electrified interface is therefore of great interest for many applications. In particular, our
main focus lies on forcing ions to deposit locally with nanoscale precision under influence of
an applied potential, ultimately providing a path to the free-form writing of 3-dimensional
functional materials. The bulk of the presented experiments make use of a sharp probe to
both initiate the local deposition of metals and inspect the resulting structures, providing
information on the underlying process. In the final chapters we expand the range of electro-
chemical phenomena under investigation from deposition reactions; to the potential-controlled
state of the surface; and finally to the behavior of devices tailored to harness excess charge
in the solution, near the interface.
As such, we briefly outline the conditions under which electrodeposition occurs in Chapter
1, as a means to frame the history of electrochemical scanning probe lithography. Addition-
ally, this serves as the basis for our initial hypothesis of localizing electrochemical reactions in
highly dilute electrolytes using a simplified electric circuit model. As such, Chapter 2 describes
the experiments conducted in micromolar concentrations of CuSO4, where we demonstrate
the direct writing of copper nanostructures with feature sizes below 100 nm. This is done
by applying a potential difference between an atomic force microscope tip and the substrate,
while the tip is continuously ’tapping’ the surface. From our experiments a rather dynamic
picture of the deposition mechanism emerges, where we believe the tip to continuously disrupt
the screening layer at the substrate-liquid interface. Without the screening layer, this results
in a direct electrostatic interaction between the tip and copper ions in the tip-substrate gap,
enabling local electrodeposition. As we only observe the deposition at very low concentra-
tions, this leads us to propose a confinement mechanism that balances the access of ions with
shaping of the electrochemical potential in the tip-substrate gap.
Chapter 3 investigates the growth dynamics of the nanostructures deposited by the direct
writing mechanism. As there is very little material in the copper deposits, we study the
shape evolution of these nanostructures using atomic force microscopy images, and compare
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these with non-directed copper growth in a regular (macroscopic) electrochemical cell at mil-
limolar and micromolar concentrations. We observe that individual nuclei have a spheroidal
rather than a faceted shape, observed for deposition at higher concentrations. From our re-
sults it appears that the directed growth occurs in two main steps, where isotropic in-plane
growth is followed by increased out-of-plane growth, as the process is confined to the dimen-
sions of the tip. Compared with the non-directed copper growth, this isotropic growth step
resembles that of metallic copper grown at higher concentrations, while the rest of the growth
dynamics are similar to samples grown in the dilute electrolyte. As the latter is confirmed
to consist mainly of CuO by X-ray photoelectron spectroscopy, we infer that this is a likely
composition for the structures obtained in directed growth.
In Chapter 4 we investigate a different scheme for nanoscale electrodeposition, by applying
short voltage pulses to the tip of an electrochemical scanning tunneling microscope. The short
pulse results in an enhanced electrochemical rate close to the tip, due to a distance dependent
charging of the interface. Rather than considering an equivalent RC-model of the system, we
frame the mechanism in terms of the charging dynamics in a simple electrochemical system
allowing us to express the achievable resolution in terms of fundamental properties of the
electrolyte. We compare these predictions with values reported in literature and find good
(≤ factor 2) quantitative agreement. Using this framework, we demonstrate the deposition of
cobalt nanostructures with feature sizes below 100 nm using dimethyl sulfoxide as a solvent.
We show that the distance over which the interface charges is significantly improved over
aqueous solutions for a given pulse length. This is attributed to the fast diffusion of protons,
and is an important consideration in the experimental design of further research.
In Chapter 5 we look further into the mechanical interaction between the tip of an atomic
force microscope and a gold surface under potential control, in a sulphate containing solu-
tion. Specifically we map the force of adhesion while changing the potential of the surface
and find that the adhesion has both a clear potential,- and spatial dependence. The adhesion
is linked to the potential-dependent adsorption of sulphates on the surface, which affects the
adhesive force by means of the required energy for reorganization of the surface. We find
this adsorption to occur on certain locations on the substrate with the associated increased
adhesion persisting over time, but contrastingly these locations of higher adhesion appear to
be more randomized over consecutive potential cycles.
In the final Chapter 6 we abandon scanning probe systems and turn to investigate ionic trans-
port in asymmetric microscopic channels. The asymmetry results in the occurrence of ion
current rectification, which is typically demonstrated in systems that are similar in size to
the screening length. However, the rectification emerges as a larger portion of the current is
carried through the electrical double layer at the small,- with respect to the large opening.
It is therefore predicted that this phenomenon persists at much larger scales, as long as the
electrical double layer contributes significantly to the total current at the small end. In this
chapter we observe ion current rectification in microscopic conical channels, fabricated in
crystalline silicon membranes by focused ion beam. This validates recent theoretical work,
and is the first demonstration of ion current rectification at these scales without chemical
modification of the channel walls. The rectification phenomenon is of particular interest to
us for its potential in desalination and energy harvesting processes. Integrating large rec-
tifying channels in this CMOS compatible silicon platform is therefore a first step towards
membranes and fluidic devices that are more resistant to clogging and with high throughput.



Samenvatting

Dit proefschrift beoogt het gedrag van ionen in een oplossing te observeren en te controleren
in de buurt van een geladen, of geëlektrificeerd, oppervlak. Zulke electrochemische systemen
zijn overal aanwezig, van biologische tot industriële processen, en kunnen aanzienlijk worden
beïnvloed door kleine veranderingen op het grensvlak van de vloeistof en de vaste stof. Een
beter begrip van de dynamische processen die plaatsvinden nabij het geëlektrificeerde opper-
vlak is daarom van groot belang voor allerlei toepassingen. De aandacht van dit proefschrift
gaat in het bijzonder uit naar het lokaal deponeren van metaal ionen onder invloed van een
aangelegde potentiaal, met precisie op de nanoschaal. Dit heeft als einddoel om in vrije vorm
driedimensinoale functionele materialen te ’schrijven’. Het grootste deel van de gepresenteerde
experimenten maakt gebruik van een scherpe naald om zowel de lokale depositie te initiëren als
de resulterende structuren te onderzoeken, waarmee informatie over het onderliggende proces
wordt vergaard. In de laatste hoofdstukken wordt het scala aan onderzochte elektrochemische
processen uitgebreid naar oppervlakteprocessen en de staat van het oppervlak onder invloed
van de potentiaal; en naar het gedrag van microscopische apparaten, erop toegesneden om
gebruik te maken van het overschot aan lading in de vloeistof, nabij het oppervlak.
Met deze doelen wordt in Hoofdstuk 1 een korte beschrijving gegeven van de condities die
nodig zijn voor elektrochemische depositie, als kader voor een historisch overzicht van scanning
probe lithografie. Daarnaast leidt dit tot onze initiële hypothese om elektrochemische reac-
ties te lokaliseren in sterk verdunde oplossingen, gebaseerd op een gesimplificeerd elektrisch
circuit. Als zodanig beschrijft Hoofdstuk 2 de uitgevoerde experimenten in oplossing met
micromolaire concentraties CuSO4, waar we het directe schrijven van koper nanostructuren
demonstreren, met karakteristieke dimensies kleiner dan 100 nm. Dit wordt gedaan door
middel van een potentiaalverschil tussen de punt van de naald, de tip, van een atoomkracht-
microscoop en het substraat, terwijl de tip continu op het oppervlak ’tikt’. Uit deze experi-
menten komt een dynamisch beeld van het depositieproces naar voren, waar de punt continu
de lading-afschermende laag nabij het vaste stof/vloeistof grensvlak verstoort. Zonder deze
afscherming is een directe elektrostatische interactie mogelijk tussen de tip en koper ionen in
de tip-substraat opening. Aangezien we de depositie alleen observeren bij deze hele lage con-
centraties stellen wij een lokalisatiemechanisme voor waarbij er een balans is tussen toegang
van ionen en het afschermen van het elektrische veld in de opening.
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In Hoofdstuk 3 bestuderen we het mechanisme van de geleide groei uit het vorige hoofdstuk.
Omdat er in de gedeponeerde nanostructuren voor veel karakterisatie technieken te weinig
materiaal beschikbaar is kijken we naar de tijdsevolutie van de vorm van de structuren met
behulp van atoomkrachtmicroscopie. We vergelijken deze met de ongeleide groei van koper in
een conventionele (macroscopische) elektrochemische cel uit vloeistoffen met micromolaire en
millimolaire concentraties. We observeren dat individuele nuclei een sferische vorm hebben
in plaats van een gefacetteerde, zoals in de hogere concentratie. Vanuit deze resultaten lijkt
de geleide groei uit twee stappen te bestaan, waar isotrope groei in het vlak (horizontaal)
wordt opgevolgd door toenemende groei uit het vlak (verticaal), en waar de isotrope groei
wordt begrensd door de dimensies van de tip. Vergeleken met de ongeleide groei van koper
lijkt deze isotrope groeistap op die van metallisch koper bij hogere concentraties, terwijl de
rest van het groeimechanisme soortgelijk is aan de groei in verdunde oplossingen. Voor deze
groei uit verdunde oplossingen bevestigen we dat het voornamelijk bestaat uit CuO door mid-
del van röntgen foto-elektronenspectroscopie, waaruit we afleiden dat dit een waarschijnlijke
compositie is voor de structuren verkregen met de geleide groei.
In het vierde Hoofdstuk (4) onderzoeken we een ander concept voor elektrodepositie op de
nanoschaal, waar we korte spanningspulsen aanbrengen op de tip van een elektrochemische
scanning tunneling microscoop. De korte pulsen resulteren in het versnellen van de elektro-
chemische reactie in de buurt van de tip, doordat het opladen van het vaste stof/vloeistof
grensvlak afstand afhankelijk is. In plaats van dit systeem te behandelen als een equivalent
RC-model, bekijken we dit mechanisme vanuit de ladingskarakteristiek van een simpel elek-
trochemisch systeem. Hierdoor kunnen we de haalbare resolutie uitdrukken in fundamentele
eigenschappen van het elektrolyt. We vergelijken deze voorspelde resolutie met waarden uit de
literatuur voor het etsen van metalen, waaruit blijkt dat deze kwantitatief overeenkomen (≤
factor 2). Gebruikmakend van dit kader demonstreren we de deposite van kobalt nanostruc-
turen met karakteristieke dimensies kleiner dan 100 nm, waar we dimethylsulfoxide als oplos-
middel gebruiken. We tonen aan dat de afstand tot waar het vaste stof/vloeistof grensvlak
voldoende oplaadt voor depositie significant verbetert ten opzichte van het gebruik van water
als oplosmiddel. Dit schrijven wij toe aan de snelle diffusie van protonen, wat daarmee een
belangrijke overweging is voor vervolgonderzoek.
In Hoofdstuk 5 kijken we verder naar de mechanische interacties tussen de tip van een
atoomkrachtmicroscoop en een goud oppervlak waarvan de potentiaal is gecontroleerd, in
een oplossing met sulfaten. Om precies te zijn brengen we de adhesie tussen de tip en het
substraat in kaart, terwijl we de potentiaal veranderen. Met deze metingen zien we een
duidelijke potentiaal,- en locatie afhankelijkheid van de adhesie. We koppelen dit aan de po-
tentiaal afhankelijke adsorptie van sulfaten aan het goudoppervlak, wat de adhesie beïnvloedt
door middel van de benodigde reorganisatienergie van het oppervlak. We observeren dat deze
adsorptie op bepaalde plekken van het oppervlak plaatsvindt en dat de bijbehorende adhesie
aanhoudt met de tijd. In contrast zien we dat deze locaties met hogere adhesie gerandomiseerd
zijn over opeenvolgende potentiaal-cycli.
In het zesde en laatste Hoofdstuk (6) laten we de scanning probe systemen achter ons en richten
ons op ionentransport in asymmetrische microscopische kanalen. Deze asymmetrie resulteert
in rectificatie van de ionenstroom, wat normaliter wordt gedemonstreerd in systemen met
afmetingen in de orde van de afschermingslengte. Deze rectificatie doet zich echter voor wan-
neer een relatief groter deel van de ionenstroom door de elektrische dubbellaag wordt geleid
bij de kleine opening, vergeleken met de grote opening. Om deze reden is recent voorspeld
dat dit fenomeen aanhoudt tot veel grotere lengteschalen, zolang een significant deel van de



Samenvatting 87

stroom door de elektrische dubbellaag gaat, bij de kleine opening. In dit hoofdstuk observeren
we rectificatie van de ionenstroom in kegelvormige microscopische kanalen, die we fabriceren
in silicium membranen met een gefocusseerde ionenbundel. Hiermee valideren we de recente
theoretische voorspellingen, en leveren de eerste demonstratie van ionenstroom rectificatie op
deze schaal zonder chemische modificatie van de kanaalwand. Dit effect is specifiek interes-
sant voor ons vanwege de potentie op het gebied van waterzuivering en energieopwekking.
Deze gedemonstreerde integratie van grote rectificerende kanalen in een CMOS-compatibel
platform is daarom een eerste stap richting membranen die resistent zijn tegen verstopping
en met hoge doorvoer.
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