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ABSTRACT 

Nanopipettes are becoming extremely versatile and powerful tools in nanoscience for a wide 

variety of applications from imaging to nanoscale sensing. Herein, the capabilities of 

nanopipettes to architect and build complex free-standing three-dimensional (3D) nanostructures 

are demonstrated using a simple double-barrel nanopipette device. Electrochemical control of 

ionic fluxes enables highly localized delivery of precursor species from one channel and 

simultaneous (dynamic and responsive) ion conductance probe-to-substrate distance feedback 

with the other for reliable high-quality patterning. Nanopipettes with 30−50 nm tip opening 

dimensions of each channel allowed confinement of ionic fluxes for the fabrication of high 

aspect ratio copper pillars, zigzag and Γ-like structures, as well as permitting the subsequent 

topographical mapping of the patterned features with the same nanopipette probe as used for 

nanostructure engineering. This approach offers versatility and robustness for high resolution 3D 

“printing” (writing) and read-out at the nanoscale. 
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 3

Three-dimensional (3D) micro- and nanostructures can offer unique and intriguing physical and 

optical properties that find applications in numerous research and technology disciplines 

spanning electronics,
1
 sensing and analysis,

2
 biotechnology and biomedicine,

3
 tissue 

engineering,
4
 nanoscale motion devices

5
 and many others. The fabrication of 3D objects with a 

high degree of control over shape and size, however, still presents many challenges. Techniques 

that enable 3D patterning include template methods
6,7

 (typically, lithography followed by an 

appropriate way of filling cavities in a resist, e.g. electroplating, physical or chemical vapour 

deposition etc.), electron- and ion beam-induced structuring
8,9

 that allow modification of surfaces 

using precursors from gas or liquid phases, self-assembly (based on, for instance, DNA strains as 

building blocks
10

 or DNA origami
11

) and scanning probe microscopy (SPM) methods. The 

family of SPM techniques offers powerful capabilities for the direct manipulation of matter at the 

tip of the probe, and on the fabricated object, with no need for a mask or template. This opens up 

single step processing, without post-fabrication operations on the patterned structures, as well as 

providing high versatility, as SPMs enable operation in gas and liquid environments and under 

vacuum.
12

 Surface modification with SPMs is possible in many different ways, including the 

manipulation of “building blocks” such as nanoparticles,
13,14

 deposition in a layer-by-layer 

fashion,
15

 local removal of material by scratching or thermal desorption,
16

 modification of local 

environment using ultramicroelectrodes,
17-19

 or confined delivery using, for example, micro- and 

nanopipette probes.
1,13,20-31

 Approaches using multiplexed probes, such as microelectrode 
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 4

arrays,
32

 multiple cantilevers for atomic force microscopy (AFM)
33,34

 and dip-pen lithography,
35

 

for high-throughput patterning have also been developed, which offer great opportunities to 

speed up probe-based fabrication processes. 

Nanopipettes are particularly useful tools in nanoscience as they allow the precise 

spatiotemporal control, analysis and manipulation of material fluxes.
36,37

 Most recently 

nanopipettes have proven powerful as probes for multifunctional imaging, as exemplified by 

simultaneously mapping topography and reactivity,
36,38,39

 and for probing heterogeneously 

distributed surface charge magnitudes alongside topography.
40-42

 We develop this 

multifunctional capability herein, demonstrating 3D writing and reading with nanopipette probes. 

For nanofabrication purposes, nanopipettes filled with electrolyte can serve as a local 

reservoir of desired molecules/ions for deposition and can therefore provide a highly localized 

flux of species towards the substrate. Nanopipettes enable surface modification both in 

electrolyte solution
22,23,27

 and in a scanning droplet cell configuration,
21,43,44

 and the deposition of 

metals from precursors and nanoparticle dispersions has been shown for the fabrication of 

complex planar and 3D features at interfaces.
1,13,24,25,30,45,46

 However, the main difficulty in 

fabricating arbitrary 3D shapes is the issue of controlling the probe-to-substrate distance during 

deposition (positional feedback). This is a crucial aspect, as it affects the quality of the deposited 

structures. Recently, these issues were addressed by the implementation of hollow microfluidic 

AFM cantilevers, so-called FluidFM probes,
47

 which enabled the microscale fabrication of 

complex 3D objects by electroplating copper. The deposition occurred under the aperture of an 

AFM tip with simultaneous force control of tip-to-substrate distance, as well as accurate 

regulation of electrolyte flow by physically flowing solution through the hollow AFM tip.
48,49
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 5

Herein, we demonstrate the deposition of complex high aspect ratio objects using 

simultaneous electrochemical delivery and distance control, with a simple dual-barrel 

nanopipette probe. This approach to 3D patterning achieves higher resolution than presently 

possible with AFM devices, and is accomplished without any need for flow systems. In addition, 

nanopipette probes allow the read-out of the resulting patterns using the topographical mapping 

capabilities of scanning ion conductance microscopy (SICM)
50

 with the same dual probe. 

RESULTS AND DISCUSSION 

Operational principle 

High quality 3D patterning at an interface with a probe-based technique requires simultaneous 

responsive control of the probe-to-substrate distance and accurate on-demand delivery of 

material to the substrate. This can be implemented by using a dual-barrel nanopipette in which 

one of the nanopipette barrels is a local source of precursor material while the other is used for 

local ion conductance measurements in an SICM setup, providing feedback for precise probe 

positioning.
50,51

 Herein, this concept is demonstrated for the electrodeposition of copper 

structures using the setup shown in Figure 1a. This configuration allows: i) independent control 

of electrochemical potential on the gold thin film substrate for copper plating (or stripping, if 

desired) via Esub and Vref; ii) regulation of ion flow through the SICM nanopipette barrel, used for 

distance feedback and induced by the potential difference, Vref, between the quasi-reference 

counter electrodes (QRCEs) in the nanopipette and solution bulk; and iii) management of the 

Cu
2+

 ion flux through the other nanopipette barrel, determined by the applied bias value (Vdelivery-

Vref) to the QRCE in the pipette, used for local delivery of precursor species. Importantly, the 

applied potentials in this setup are controlled independently and simultaneously (with the aid of 

specifically designed LabVIEW code in combination with the hardware), and all the potentials 
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 6

are reported with respect to the QRCE in the solution bulk. In this way, for the engineering of 3D 

features at interfaces, there is very fine control of the deposition rate (via both the applied 

substrate potential and regulation of the Cu
2+

 flow current by the applied bias), coupled with the 

maintenance of a constant probe-to-substrate distance, enabling automatic probe retract as a 

feature grows, ensuring high quality patterning. SICM feedback was induced by a constant DC 

bias (in the range ±0.2 V, except of the example shown in Figure 3a where the SICM bias was 

set to -0.25 V, vide infra). The possibility to control the nanopipette bias polarity could be 

beneficial for the technique operation, for example to prevent the nanopipette tip from clogging, 

although this is not the case for copper deposition exemplified herein. 

An important attribute of nanopipette methods is the simplicity and the low cost of probe 

fabrication, especially when compared to probe manufacture for other SPMs: pulling capillaries 

with diameters that are highly tuneable, and range from tens of microns down to a few 

nanometers is a simple and routine task, that does not require any special facilities (except a laser 

pipette puller). This is an important consideration, as the size of the nanopipette probe is a factor 

determining both the mass transport rates through the nanopipette orifice
52

 and the lateral 

dimensions of the deposit; the smaller the probe, the higher the confinement of the reagent flow 

and thus the smaller the lateral dimension of the patterned feature. Figure 1b is a TEM image of 

a typical dual-barrel nanopipette employed herein for patterning of high-aspect ratio copper 

structures. The overall pipette tip diameter (taking into account the thickness of glass walls that 

reaches 14 nm at the tip) is about 120 nm, whereas the opening dimensions of each of the 

nanopipette barrels are around 30 − 50 nm. This is about an order of magnitude smaller than the 

opening size of FluidFM probes (300 nm – 1 µm) recently employed for patterning of free-

standing 3D copper microstructures.
49
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 7

 

Patterning 

Figure 2 demonstrates the evolution of probe position as well as DC ion current and AC 

amplitude (used as feedback) during a typical deposition experiment used to produce a Cu tower 

on a substrate. Prior to patterning, the nanopipette approaches the gold substrate (region marked 

“I” in Figures 2a and b) until the AC amplitude (due to the oscillation of the probe normal to the 

substrate) reaches a specified feedback set point (1.5 pA in the case of Figure 2), indicating close 

proximity of the probe to the sample interface; see Experimental section. During the approach 

the pipette barrel that contains Cu
2+

 ions is biased at a slightly negative potential (value between 

-0.1 to -0.3 V) to ensure minimum precursor (Cu
2+

) flux towards the substrate. As the 

nanopipette reaches the approach set point, typically corresponding to a distance of slightly more 

than the nanopipette opening radius from the interface, the bias at the QRCE in the precursor-

containing probe barrel is changed to a certain positive value (with respect to QRCE in solution 

bulk), driving copper ions through the nanopipette opening for local delivery. A sudden change 

of ion flux in the probe-to-substrate gap due to the rapid switch in bias causes a spike in both the 

DC and AC ion current through the barrel employed for SICM distance control, leading to the 

fast retract of the pipette by a few hundred nanometers (at a time of ca. 35 s in the region marked 

“II” in Figures 2a and b) before reapproaching to the set point distance as the current spike 

flattens out. After this short period (usually, a few hundreds of ms long), positional feedback 

stabilizes the probe above the substrate (also during region “II”). As the deposition process starts, 

promoted by the bias applied to the substrate electrode (vide infra), SICM automated positioning 

maintains a constant probe-to-substrate distance by a slow retract of the probe due to the feature 

growth underneath the nanopipette orifice (Figures 2a and b, marked “III”). The automated 
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 8

positioning uses a feedback loop with a specified update time (typically 50 ms herein, but 

tuneable), which compares the AC amplitude to the desired set point, adjusting the tip position 

accordingly. In the example shown in Figure 2, a 4.8 µm height pillar was deposited in 60 s, with 

an average deposition rate of about 80 nm s
-1

 as evidenced by a reasonably constant rate of probe 

retract. Interestingly, the deposition of the first ∼100 nm (on Figures 2a and b, marked as “II”) of 

the feature usually occurs at a lower rate (in this example, about 20 nm s
-1

), which is likely to be 

related to the substrate capture area of reagent flow. When the probe is positioned above a planar 

substrate, deposition can occur over a large surface area. However, as the feature grows under 

the nanopipette probe the deposition current becomes more focused on the smaller area at the 

growing end of the deposit, leading to a stable and confined patterning of freestanding structures. 

Figure 3a demonstrates the importance of the substrate potential, Esub, on the patterning 

quality. Herein, the substrate was held at a constant potential throughout the entire experimental 

routine, from the initial probe approach and until the end of the deposition. However, it would be 

possible to vary the substrate potential during depositions without significant influence on the 

feedback (unless the potential was stepped sharply to another value, that could cause a spike in 

the DC and AC pipette currents and hence a retraction of the pipette for a short period of time 

due to the feedback mechanism). Typically, copper deposition starts at about -0.3 to -0.4 V vs. 

Ag/AgCl QRCE. However, at a low deposition overpotential (-0.4 V) the kinetics of deposition 

is sluggish and so the collection of the delivered Cu
2+

 ions at the substrate occurs over a large 

substrate area leading to rather unconfined electrodeposition, from which 3D features evidently 

cannot be constructed on this timescale. At larger electroplating driving forces (Esub = -0.5 to -0.7 

V) the patterns start exhibiting more pillar-like structures as the increased overpotential 

significantly enhances the local deposition rate leading to a more confined collection of the 
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 9

precursor (Cu
2+

 reduction to Cu) at the substrate directly underneath the nanopipette probe. The 

increase of the substrate overpotential, Esub, also results in a faster growth of the features; the 

deposition rate gradually increases from an average of ∼2 nm s
-1

 (-0.4 V) to 21 nm s
-1

 (-0.5 V) 

and then to 29 and 66 nm s
-1

 (-0.6 and -0.7 V, respectively), allowing the construction of taller 

pillars within the fixed deposition time considered (180 s). These data highlight that for a given 

Cu
2+

 flux from the nanopipette, the substrate potential ultimately determines the upper limit of 

the deposition rate, which otherwise is controlled by the magnitude of Cu
2+

 flow to the substrate 

(determined by the bias value applied to the QRCE in the nanopipette delivery channel). 

Importantly, the diffusional flux (0 V bias applied to the copper-containing barrel) does not 

provide sufficiently high mass transport of Cu
2+

 towards the substrate and therefore does not 

result in the deposition of features (at least, within a timescale considered). At larger driving 

potential, the migration of ions in the electric field dominates the mass transport and can result in 

much higher deposition rates and taller pillars (Figure 3a). Furthermore, the flux of Cu
2+

 ions can 

be controlled by the precursor concentration: the higher the concentration of Cu
2+

 in the 

electrolyte, the lower the bias value required to drive the flow of Cu
2+

 towards the substrate at a 

given rate. The overall quality of the deposits (feature thickness, shape and roughness) appears 

consistent under inspection by SEM and is not significantly influenced by the bias value that 

drives Cu
2+

 through the pipette opening at a constant Esub, at least for this range of bias 

magnitudes. The substrate potential evidently has most effect on feature growth, controlling the 

electrochemical kinetics of deposition and to some extent leading to a small variation of feature 

thickness (similar to deposition with FluidFM probes),
48

 while the mass transport of Cu
2+

 ions 

from the nanopipette is mainly controlled by the bias on the QRCE in the delivery barrel. 
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 10

Under the conditions used herein (i.e. acidic electrolyte, high salt concentrations) the ion 

fluxes through the nanopipette follow ohmic behaviour, rather than diode-like characteristics. 

This is attributed to the fact that ion current rectification,
53

 which is related to surface charge on 

the conical nanopipette inner walls,
54

 is weak as the silanol groups (pKa around 4.5 and 8.5) on 

the glass/quartz surface are protonated (neutral charge) as the electrolyte pH is around 2-3, and 

the rectification effect is further diminished by the high salt concentration (small Debye 

length).
40

 

Figure 3b illustrates the reproducibility of fabrication, showing a set of 9 pillars deposited 

at different regions of a gold substrate. Deposition rates of 115 nm s
-1

 were reasonably consistent 

within this set (relative standard deviation of 12%). An electron microscope image at high 

magnification of one of the fabricated pillars is shown in Figure 3c. As can be seen, the deposit 

has a fairly uniform thickness from the base to the top. Slight variations of the pillar thickness 

and shape are most likely due to the polycrystalline nature of the deposit as also seen in pillars 

deposited by the FluidFM probe.
49

 Potentially, the use of surfactants and additives could allow 

the fabrication of smoother nanoscale features and some tailoring of the aspect ratio. 

Interestingly, the structure diameter (400 − 600 nm) is about 10 times larger than the opening 

size of the pipette barrel (30 − 50 nm). In the jet-printing configuration of patterning with 

FluidFM probes the features patterned were at least three times thicker than the opening diameter 

of the probe.
49

 This effect, for both methods, is attributed to the broadening of the interfacial 

concentration field of the confined precursor species at close probe-to-substrate distances. At 

least in part, this can be attributed to sluggish deposition kinetics compared to the mass transport 

rate, especially in relation to the nucleation and growth of copper on gold. The absence of any 
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 11

growth features, other than a deposited layer of copper at low substrate overpotential values 

(Figure 3a) also supports this hypothesis.  

The technique outlined is capable of deposition of more complex 3D structures, which 

can be used further for optical and nanomechanical applications, as unconventional SPM probes 

and in nanoelectronic devices as interconnects.
1,55-57

 Figure 4a shows two freestanding 25 µm 

and 27  µm – tall zigzag features (both structures are ∼500 nm thick). These structures were 

grown by the deposition of a vertical pillar (3  µm in height), followed by the copper 

electroplating with a laterally translated nanopipette at a rate of 50 nm s
-1

, which allowed the 

construction of a metal wire in a diagonal configuration, with each diagonal inclined at about 60 

degrees with respect to the substrate. These structures arise from the retraction of the nanopipette 

(positional feedback) with the growing feature (rate of electrodeposition ca. 100 nm s
-1

) and the 

simultaneous lateral movement of the probe. These two factors determine the geometric 

characteristics of the resulting 3D shape and could easily be tuned. 

Finally, we point out that if positional feedback is turned off at certain points during 

patterning, and the probe is then translated laterally,  Γ-like structures can be deposited. Figure 

4b shows a fabricated freestanding  Γ feature, consisting of a vertical (5.5 µm height) and 

horizontal (2.2 µm length) copper wire. Note that this is about an order of magnitude thinner 

(800 nm in diameter) than a previously reported similar pattern, deposited with the microfluidic 

hollow AFM cantilever technique.
49

 

The grown complex features were subjected to all the necessary sample manipulation and 

preparation (thorough rinsing, removal of the substrate from the sample holder, mounting on the 

holder for SEM, transfer to SEM) needed for further characterization, and no mechanical damage 
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 12

was observed on the fabricated objects. This confirms the reasonable mechanical stability of the 

features, which are likely to be mechanically similar to those fabricated by FluidFM.
49

 

 

SICM imaging of fabricated objects 

In addition to fine control over surface modification, the nanopipette patterning method 

presented here also offers the possibility to map the patterned area using the imaging capabilities 

of the same probe as used for fabrication. The advantage of imaging the features immediately 

after the fabrication has several important benefits, such as: i) “quality control” after particular 

preparation steps in the multistep fabrication of complex objects; ii) almost immediate 

characterization, with a reasonably quick image acquisition time, with no need for in-situ sample 

manipulation/preparation for the use of other characterization techniques; and iii) the possibility 

of imaging materials that could be changed or modified outside the fabrication conditions (e.g. 

damaged in an electron beam, oxidized by oxygen present in the ambient atmosphere etc). 

Figure 5a shows a 750 nm by 750 nm high-resolution SICM image (2500 pixels, 15 nm 

pixel pitch) of a copper pillar (as deposited height 2.83 ± 0.08 µm) obtained with a dual-barrel 

nanopipette of 100 nm total diameter (SICM barrel internal opening size was ~30 nm). A 

hopping mode was used as described in the methods section. The image demonstrates the elliptic 

shape of the 2.95 µm µm-tall feature (measured by SICM) with ca. 400 and 500 nm dimensions 

along the semi-minor and semi-major axes. The pillar has some roughness on the side walls, 

similar to the other deposited structures (e.g. as in Figure 3c) and this structural characteristic is 

clearly visualized by SICM. It is important to note that imaging of such three-dimensional 

objects of high aspect ratio (tall and narrow, with vertical sidewalls) is a challenging task for 

most SPMs, including AFM, due to steric difficulties attributed to the geometry of the probes. 
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An advantage of SICM probes is their high aspect ratio. We note that the FluidFM probe has a 

geometry designed for fluid flow, rather than imaging, so that high resolution writing and 

reading is not possible. 

Although SICM imaging with a nanopipette probe is feasible even on structures with 

such a shape as that shown in Figure 5a, particular care has to be taken to avoid probe-substrate 

crash. Figures 5b and c exhibit approach curves recorded during SICM topographical mapping. 

A classical SICM current-distance characteristic
50

 (Figure 5b) is recorded over the flat 

featureless part of the substrate (pixel marked “b” in Figure 5a). Similar current-distance curves 

are recorded on the central part of the pillar (not shown). However, the current-distance response 

over the edges of the copper structure (e.g. marked “c” in Figure 5a) is rather different. Figure 5c 

shows such a current-distance characteristic, which exhibits two minima, one below the feedback 

set point (at the position of closest approach, 0 µm on the graph) and another slightly above the 

set point value (at a probe-to-substrate distance ca. 2.5 µm). The former minimum most likely 

indicates the vicinity of the probe to the flat part of the substrate, similar to the classical ion 

current response over the planar interface (as illustrated on Figure 5d). The latter minimum is 

attributed to the ion current magnitude drop due to the steric limitation of the mass-transport in 

close proximity to the pillar (i.e. a vertical wall). The gradual flattening of the minimum 

indicates the change of the mutual arrangement of the nanopipette tip and the deposited structure 

and is most likely due to nanopipette bending. Indeed, this scenario is quite possible, taking into 

account the nanopipette semi-angle (about 8°) and the distance between pixels (15 nm), which 

means that mechanical contact between the probe and the copper pillar can be established (as 

shown schematically in Figure 5e), causing further probe/structure bending during the approach. 
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 14

Despite this issue, the SICM channel of the dual-function probe can generally be used for post-

fabrication read-out of the deposited features. 

 

CONCLUSIONS 

This work has demonstrated the capabilities of double-barrel nanopipettes for highly controlled 

deposition of 3D structures, using Cu deposition as an exemplar material. The methodology is 

based on the electrochemical management of ionic fluxes for highly localized electrochemically-

driven delivery and deposition, as well as for ion conductance regulation of the probe-to-

substrate distance. This approach has been illustrated with the fabrication of simple (pillars) and 

more complex objects, such as free-standing zigzag and Γ-like structures. Advantages of the 

nanopipette technique include relatively straightforward operation, simple electrochemical 

control of delivery (without any need for a flow system), with simultaneous monitoring and 

feedback, and facile adjustment of the deposition parameters and growth rates by simultaneous 

tuning of the bias that drives precursor ions and the substrate potential. 

As well as being able to produce (write) features, the same probe can be used to image 

(read) the deposited features using the powerful high-resolution imaging capacity of SICM. 

Furthermore, any difficulties of surface wettability and stability of meniscus-confined methods 

are overcome by operation under a thick layer of electrolyte solution. In principle, the technique 

should be capable of using the voxel-by-voxel fabrication strategy reported previously for the 

fabrication of even more complex object architectures
49

 and should be compatible with the 

electroplating of a variety of materials, spanning conducting polymers, nanoparticles and metals. 

In this regard, it is important to point out the ease with which multi-barrel pipettes can be 
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constructed,
58

 which would enable the construction of multi-component structures, of spatially 

varying composition if desired, via (adaptive) potential-space-time control. 

 

METHODS 

Chemicals 

Sodium sulfate (anhydrous, analytical grade, Fisher Scientific), copper sulfate (technical grade, 

Fisons Scientific Equipment) and sulfuric acid (≥95%, density 1.83 g ml
-1

, analytical reagent 

grade, Fisher Scientific,) were used as received. Deionized (DI) water produced by Purite Select 

HP system, with resistivity 18.2 MΩ cm (25 °C) was used to prepare aqueous solutions. 

Electrolyte solution in the bulk and in the SICM pipette barrel contained Na2SO4 (0.5 M) and 

H2SO4 (3 mM), while the nanopipette barrel used as a source of copper ions (Cu
2+

) was filled 

with CuSO4 (56 − 270 mM) and H2SO4 (3 – 100 mM). 

Nanopipette probes 

Nanopipettes were pulled from dual-barrel quartz capillaries with filament (QTF120-90-100, 

Friedrich & Dimmock) using a laser pipette puller (P-2000, Sutter Instruments). Nanopipette 

probes were filled with electrolyte solutions using syringes with Microfill capillaries MF34G-5  

(World Precision Instruments). Importantly, the nanopipette filling process does not cause 

significant cross-contamination between the different electrolytes in the nanopipette barrels 

(from a small liquid droplet that can form at the tip) to any significant level (see Supporting 

Information, SI-1). Geometric characterization of nanopipette probes was carried out on either 

gold-coated pipette tips imaged with a field-emission scanning electron microscope (FE-SEM, 

Zeiss SUPRA 55 VP) or on uncoated nanopipette tips, with geometries determined at high 
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resolution
52,59

 using a transmission electron microscope (TEM) JEOL 2000FX at 200 kV 

accelerating voltage. 

Scanning ion conductance microscopy (SICM) setup 

Nanopipette probes, mounted on a custom made probe holder, were coarsely positioned over a 

sample with a mechanical micropositioner (Newport, M-461-XYZ-M) under control of a 3MP 

digital camera (PixeLink PL-B776U) with a 4X magnification lens. A 38 µm-range single axis 

nanopositioner (Physik Instrumente, P-753.3CD) was used for precise control and translation of 

the probe in the vertical (z) direction (normal to the substrate). A small vertical oscillation of the 

probe (40 nm peak-to-peak) at a frequency typically in the range 270 − 290 Hz was applied using 

a lock-in amplifier (Stanford Research Systems, SR830). This induced an alternating current 

(AC), the magnitude of which served as positional feedback (distance-modulated SICM).
60,61

 In 

general, AC-SICM techniques provide very stable probe positioning.
60,61

 The sample, 60 nm 

gold thin film on 3 nm chromium layer deposited on silicon wafer, with an exposed to electrolyte 

solution surface area of about 3 mm
2
, was biased using a custom built bipotentiostat. The sample 

was mounted on the stage of an inverted microscope equipped with a high-precision XY 

nanopositioning piezoelectric stage (MadCityLabs, Nano-Bio300 and Physik Instrumente, model 

P-733.2DD). The setup was mounted inside a faraday cage (to reduce electrical noise), which 

was built on an optical table (Newport, RS 2000) to avoid mechanical vibrations. To reduce 

thermal drift of the piezoelectric positioners, vacuum insulating panels (Kevothermal) and 

aluminium heat sinks were mounted inside the faraday cage. Electrochemical measurements 

were performed with a custom-built bipotentiostat equipped with a high sensitivity current 

follower to measure nanopipette probe currents from both channels. The SICM setup was 
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controlled through an FPGA card (PCIe-7852R, National Instruments) using a home-written 

program in a LabVIEW interface that was also used for all data acquisition.  
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FIGURES  

 

Figure 1. a) Schematic representation of the experimental setup employed for deposition of 3D 

high aspect ratio Cu features on a gold electrode surface. b) TEM image of a typical dual-barrel 

nanopipette probe used for nanoscale patterning with SICM positional feedback.  
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Figure 2. a) Variation with time of the probe vertical position (black), pipette AC and DC ion 

currents (for the barrel employed for distance control; blue and red, respectively) during the 

growth of a Cu pillar on a gold substrate. The data reveal the following: I) approach of the probe 

to the substrate at a rate of 150 nm s
-1

 (negative bias of -0.2 V applied to the pipette barrel 

containing Cu
2+

) with a stable (bulk) DC ion current (SICM bias -0.2 V) and zero AC amplitude. 

II) The DC current shows a steep decline over a distance of ~200 nm inducing an increase in AC 

amplitude. Having reached the AC amplitude set point there is commencement of the deposition 

of an initial ∼100 nm section of the Cu pillar following a switch of the Cu
2+

 delivery channel to 1 
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V. III) Growth of the deposit in the vertical direction with the AC amplitude maintained slightly 

above 1.5 pA and the DC ion current value being consistent for the whole duration of the 

deposition. The probe retracts from the surface as the Cu pillar grows and the rate of tip 

movement is the growth rate. Note that the images are not to scale (i.e. the deposit under the 

nanopipette is usually 10 times larger than the opening size of a channel in the nanopipette). The 

color code on the ordinate axes corresponds to the line colors on the graph. Schematic 

illustrations in (b) depict the position of the pipette with respect to substrate and the growing 

deposit feature during patterning.  
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Figure 3. SEM micrographs (taken at a 45° inclination angle) of copper pillars patterned on gold 

substrates. a) The effect of the substrate potential on deposition. Features at substrate potentials 

of -0.4 V and -0.5 V contained eight depositions, while arrays grown at Esub = -0.6 V and Esub = -

0.7 V consisted of four individual pillars. The bias in the CuSO4-filled barrel was between 0.3 V 

and 1V for substrate potentials of -0.4 V and -0.5 V (marked from “A” to “H”) and from 0.8 to 

1.1 V (in 0.1 V increments, “A” to “D”) for substrate potentials of -0.6 V and -0.7 V. The SICM 

bias was fixed at -0.25 V and the deposition time was set to 180 s. b) An array of nine pillars 

deposited at Esub = -0.75 V, SICM bias 0.2 V and the bias in a copper reservoir barrel of 1 V. 

Deposition time was set to 60 s. c) A magnified view of one of the pillars, deposited under 

similar conditions as in (b), except that the bias value in the copper-containing pipette barrel was 

1.2 V.  
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Figure 4. SEM images of complex 3D features fabricated with a dual-channel nanopipette. a) 

Two zigzag structures, created by driving Cu
2+

 ions from the delivery channel at a bias of +0.7 V 

with positional SICM feedback (image taken at a 15° angle). The vertical pillar at the structure 

base was fabricated by holding the nanopipette for 45 s above the substrate (i.e. fixed x, y co-

ordinate; feedback on z-position). Diagonal parts of the structure were deposited by translating 

the nanopipette for 6 µm laterally at 50 nm s
-1

. b) Fabricated Γ-like feature (image taken at a 45° 

angle), deposited at 0.75 V driving voltage. The top bar of the Γ was deposited by translating the 

nanopipette probe laterally at 40 nm s
-1

 without SICM positional feedback. The substrate was 

held at a potential Esub = -0.75 V throughout. SICM barrels in both deposition experiments were 

biased at 0.2 V vs. QRCE in the solution bulk.  
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Figure 5. a) Hopping mode SICM image (750 by 750 nm, 2500 pixels, 15 nm pixel pitch) of a 

deposited Cu pillar, taken with the same nanopipette probe as used for patterning (deposition at 

Esub =-0.75 V, SICM bias 0.2 V, copper-barrel bias 0.7 V, 60 s). b), c) Probe approach curves 

recorded at positions “b” and “c” as marked on (a). Schematics in (d) and (e) illustrate possible 

nanopipette bending in (b) and (c), respectively.  
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