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Scanning probe microscopy (SPM) is a family of powerful tech-
niques for structural and functional imaging of interfaces using 
a (solid) probe. Starting with the pioneering development of 
scanning tunneling microscopy (STM) in 1982, the fundament 
for high resolution localized surface interaction was laid [1]. 
Already from the early age of SPM it became clear that the 

tool for high resolution maskless patterning. Nowadays, SPM 
makes another leap in nanotechnology by extending microfab-
rication into the third dimension.

Manipulating molecules with high resolution

Since the introduction of SPM there has been a plethora of 

Among the most impressive ones is a stunning demonstration 
shown by IBM in 2011 in form of a Stop-Motion Movie called 
“A Boy And His Atom”, published on the video platform You-
Tube (Fig. 1a). An STM tip was employed to precisely manipu-
late CO molecules on a copper substrate. The experiment was 
conducted at 5 K operating temperature to ensure stationarity 
of adsorbed CO, which was imaged by STM after each re-or-
ganization of the surface thus creating the movie frames [2]. 
Another elegant example was shown by recreating a painting 
“Degas Dancers” by Gina Candelori (Fig. 1b) and the University 
of Cambridge coat of arms on a microscale (Fig. 1c). The imag-

molecules on a streptavidin-coated glass surface [3]. Evidently, 
read-write capabilities of many SPMs provide a vast playground 
for creating functional interfaces. Scanning electrochemical 
microscopy (SECM) is particularly suited for these tasks, as, 
for instance, in creating cell adhesive and repellant coatings. A 
microelectrode tip was used to locally etch a oligo(ethylene gly-
col)-terminated self-assembled monolayer (OEG-SAM) forming 
a pixelated portrait, which has then been visualized by electro-
chemical imaging (Fig. 1d-f) [4].

A journey into the third dimension

with SPM has been made on planar interfaces and in 2D ar-
rangement. At the same time, the demand for 3D micro- and 
nanostructures has grown tremendously. While 3D printing 

across various industries, 3D-approaches in microfabrication 
only now start to get traction. For SPM-based techniques the 
trend is somewhat similar, since transitioning from 2D to 3D is 
not trivial and requires tight control of instrumental and mate-
rials aspects in all three dimensions.
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Some examples of out-of-plane fabrication with SPMs, howev-
er, have been known for quite a while already. Electrochemi-

achieved a 100 µm diameter copper pillar (Fig. 2 SECM) [5]. 

produced copper-structures with <1 µm diameter [6]. The cur-
rent development of AM for microfabrication relies on similar 
principles but is equipped with a whole range of additional fea-
tures to ensure reliable and reproducible operation even at the 
nanoscale, which remained unattainable for a long time.
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Emerging techniques for small-scale AM

The recent advances in SPM for high resolution 3D printing 

instrumentation. For example, FluidFM, which is based on 
conventional atomic force microscopy (AFM), uses a hollow 

delivers precursor metal ions into the electrolyte bath, elec-
trochemical reduction at the substrate drives the deposition 
of the solid metal. The AFM feedback allows tracking metal 
growth at individual voxel level, ensuring full automation for 
the fabrication of complex 3D structures with microscale reso-
lution (Fig. 2 FluidFM) [7].

The recent breakthroughs in AM in terms of feature size have 
been achieved by introducing an intermittent meniscus forma-
tion as feedback in MCED. This boosted the level of automa-
tion, allowing to monitor metal growth with kHz bandwidths, 
opening the way to achieve 25 nm voxel size (Fig. 2 MCED) [8]. 
At larger dimensions, MCED has also demonstrated for printing 
complex structures. Several other important advances in small 
scale SPM-based AM have been achieved using electrohydro-
dynamic redox printing (EHD-RP) (which shares many similar-
ities with SPM-based AM without strictly being an SPM). EHD-

substrate, the metal ion content gets converted into solid met-
al via electroreduction. As shown recently, a tight droplet con-
trol can allow metal structures with diameters down to 50 nm, 
with a complexity level approaching that somewhat between 
FluidFM and MCED (Fig. 2 EHD-RP) [9].

range of printing rates and resolution. Mass-transport-related 
-

ducing the nozzle opening. Similar limitations apply for EHD-RP 
where the resolution is linked to the droplet size, which be-
comes independent of the nozzle diameter at the nanoscale. 
For MCED, which currently champions the resolution, fabrica-
tion of more complex structures remains challenging. Despite 
success in printing overhangs and coils (Fig. 3a) reliable print-
ing of more complex shapes and making connections between 

Further advances also require extensive understanding of ma-
terials growth and microstructure control. Electrochemical AM 
offers fully dense as well as porous materials (like shown in 
Fig. 3b-c) [8, 10]. For advanced nanoscale applications, vary-

materials design needs means of surface structure engineer-
ing, as well as understanding of nanoscale mechanics (which 
for small scale AM becomes its own playground [11]). Electri-
cal properties of the additively manufactured nanostructures 
are also a focus of current research activities. This requires 
extensive combination of high-resolution techniques, including 
electron microscopy, nanomechanical characterization, as well 
as advanced sample preparation techniques.

Additionally, macroscopic electrodeposition chemistries are 
not always directly transferrable to nanoscale AM. Although 
chemical composition of the printed features is typically given 
by the purity of the metal precursor (see EDX of the pure cop-
per structures shown in Fig. 3d-e) [8], chemical composition 
control is often needed for new materials and processes. An 
extension of the material library is central for advanced appli-
cations along with the development of techniques to combine 
multiple materials into a single design.

Fig. 2: Advances of 3D SPM Then vs Now.

 

Challenges and future directions of SPM-based 3D printing 

techniques

-
vances in SPM-based 3D printing, but further development 
is yet restricted by various challenges. One remains within 
fundamental aspects that govern many functional SPMs – 
mass-transport. The limitations of ion transport at the nano-
scale, typical for techniques like FluidFM, limit the available 

Fig. 3: Microstructure and chemical composition of additively manufactured 
metals.

-

SPM has come a long way from its origins as a purely imag-

nanofabrication. The transition from 2D to 3D structures 

While recent advancements in SPM-based techniques such 
as  FluidFM, MCED, and EHD-RP have enabled higher resolu-
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tion and wider material library, technical issues and questions 
about material properties require further research. The im-
mense opportunities that these techniques are yet to offer in 
micro- and nanofabrication fuel the growing interest in these 
developments.
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