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Abstract
The field of optical lithography is subject to intense research and has gained enormous improvement. However, the effort 
necessary for creating structures at the size of 20 nm and below is considerable using conventional technologies. This effort 
and the resulting financial requirements can only be tackled by few global companies and thus a paradigm change for the 
semiconductor industry is conceivable: custom design and solutions for specific applications will dominate future develop-
ment (Fritze in: Panning EM, Liddle JA (eds) Novel patterning technologies. International society for optics and photonics. 
SPIE, Bellingham, 2021. https:// doi. org/ 10. 1117/ 12. 25932 29). For this reason, new aspects arise for future lithography, which 
is why enormous effort has been directed to the development of alternative fabrication technologies. Yet, the technologies 
emerging from this process, which are promising for coping with the current resolution and accuracy challenges, are only 
demonstrated as a proof-of-concept on a lab scale of several square micrometers. Such scale is not adequate for the require-
ments of modern lithography; therefore, there is the need for new and alternative cross-scale solutions to further advance 
the possibilities of unconventional nanotechnologies. Similar challenges arise because of the technical progress in various 
other fields, realizing new and unique functionalities based on nanoscale effects, e.g., in nanophotonics, quantum computing, 
energy harvesting, and life sciences. Experimental platforms for basic research in the field of scale-spanning nanomeasur-
ing and nanofabrication are necessary for these tasks, which are available at the Technische Universität Ilmenau in the form 
of nanopositioning and nanomeasuring (NPM) machines. With this equipment, the limits of technical structurability are 
explored for high-performance tip-based and laser-based processes for enabling real 3D nanofabrication with the highest 
precision in an adequate working range of several thousand cubic millimeters.

Keywords Nanomeasuring · Nanopositioning · Nanomanufacturing · Scale-spanning · Tip-based · Laser-based · 
Nanofabrication

1 Introduction

The semiconductor industry has been following Moore’s law 
[2] with surprising steadiness for 55 years. A fundamental 
challenge is that the fabrication technologies must increas-
ingly be able to routinely measure, control, and structure 
at the atomic scale. If the further development of optical 
lithography (EUV) [3] continues with the rate of the past 

decades, not only the technical challenges but also the costs 
will increase almost immeasurably [4]. Therefore, it is no 
question whether, but how the continuous reduction in size 
can be realized in the coming years.

Despite the massive development of optical lithogra-
phy, it is evident that structure sizes of < 20 nm can only be 
achieved with great effort using known methods [5, 6]. Here, 
tip-based nanofabrication processes, which already enable 
structuring in the sub-10-nm range, offer great potential. 
However, these processes have only been demonstrated in 
small processing areas (a few 100 μm2 ), at low speeds and 
with limited precision [7]. Certain optical processes allow 

 * Ingo Ortlepp 
 ingo.ortlepp@tu-ilmenau.de

Extended author information available on the last page of the article

http://orcid.org/0000-0002-5611-7852
https://doi.org/10.1117/12.2593229
http://crossmark.crossref.org/dialog/?doi=10.1007/s41871-021-00110-w&domain=pdf


133Nanomanufacturing and Metrology (2021) 4:132–148 

1 3

for sub-wavelength structuring [8, 9], though only in the 
sense of functionalized, plane surfaces.

Similarly, nanotechnologies are advancing in many other 
fields to solve essential issues of health [10], agriculture 
[11], energy and resources [12], as well as environmental 
and climate protection [13]. However, for the implementa-
tion of many nanotechnological fabrication techniques, there 
is a lack of adequate measuring and positioning techniques 
that span scales of subnanometers to several centimeters.

In recent years, nanopositioning and nanometrology have 
experienced an enormous progression at the Technische Uni-
versität Ilmenau, especially regarding the further develop-
ment of 3D precision measurement technology [14].

Consequently, within a framework of a DFG research 
training group on Tip- and laser-based 3D nanofabrication 
in extended macroscopic working areas, research is being 
conducted to combine nanofabrication processes with the 
outstanding capabilities of nanopositioning and nanomeas-
urement machines of the Technische Universität Ilmenau in 
such a way that new, alternative, and cross-scale solutions 
advance the possibilities of nanotechnologies. There, the 
limits of technical structurability are explored for high-per-
formance tip-based processes such as atomic force micros-
copy (AFM). Furthermore, laser-based sub-wavelength 
methods, in conjunction with NPM technology, should 
enable real 3D nanofabrication of the highest precision. In 
this context, the possibilities of high-level parallelization of 
nanotools are of great interest from a manufacturing per-
spective. Nanostructuring on curved precision surfaces is 
also a major challenge and can lead to completely new tech-
nical solutions, e.g., the combination of photonic structures 
with precision optics.

2  Motivation

Nanofabrication aims for the production of nanoscale struc-
tures that achieve new functionalities as components or sys-
tems with defined (nanoscale) properties. According to the 
International Roadmap for Devices and Systems (IRDS) [6], 
the rate of development in the semiconductor industry is 
unbroken, and the resulting challenges are enormous. The 
greatest difficulties become apparent for upcoming sub-
10-nm technologies, where EUV lithography will certainly 
face serious technological issues and approach its fundamen-
tal size limits. Concurrently, there is enormous cost pressure 
for high-performance patterning techniques, which intensi-
fies the search for economically viable solutions.

In addition to the advance of manufacturing technologies 
into the atomic range, it is increasingly important to enable 
the flexible and cost-effective production of components 
with complex geometries and a cross-scale mix of macro- 
to micro- to nano-scale structures, even in smaller quantities.

Therefore, international research is being conducted in 
new, unconventional approaches, such as tip-based nano-
fabrication [15], new highly efficient e-beam processes [16] 
or nanoimprinting [17]. These technologies are currently 
advancing into molecular and atomic ranges with increasing 
complexity and 3D requirements. New solutions to continue 
the development in the semiconductor industry are only one 
aspect of nanofabrication. Advances should also ease and 
support the development of new fields such as nanoplasmon-
ics [18], nanophotonics [19], nanobiology [20], nanomedi-
cine [21], and others. This includes techniques for “Beyond-
CMOS devices”, the realization of novel functionalities and 
unique properties based on nanoscale effects, the increase 
of optical resolution [22], the increase of the potential for 
energy harvesting or the revolution in computer and con-
sumer electronics of quantum computing and nanophotonics. 
Furthermore, new solutions for the life sciences, from over-
coming the nanoscale nature of DNA, viruses and protein 
molecules to nanomedicine for early detection, diagnosis 
and monitoring and therapy of diseases (protein and peptide 
delivery, nanorobots and nanoprobes, antibody therapeutics 
and even cell repair) have to be addressed [23, 24].

In recent years, a broad range of approaches to tip-based 
nanofabrication and laser-based sub-wavelength fabrica-
tion have been developed and investigated under this objec-
tive. The feasibility of sub-10-nm structuring [23] up to 
atomically precise “top-down” fabrication [25] could be 
demonstrated as “proof of concept” based on scanning 
probe techniques, however, most are only in areas up to 
100 μm × 100 μm [26]. The application of such techniques in 
large areas has not yet been demonstrated and poses a variety 
of challenges. The need for nanopositioning technology with 
exceptional performance for tip-based nanofabrication has 
been recognized without offering any applicable solutions 
so far [24]. There seems to be a stagnation in the Roadmap 
for Tip-based Nanofabrication postulated by Tseng [15, 24].

Technical implementation of such new structuring tech-
nologies in large areas has so far obviously failed because 
of a lack of adequate measurement and positioning technol-
ogy that spans from subnanometers to several centimeters. 
The difficulties and challenges with regard to precision, 
reproducibility, dynamics, and stability are well known [7, 
24]. Still, there is a great need for research into the flexible, 
cross-scale, and at the same time cost-effective production 
of complex nanoscale structures, even in smaller quantities.

The increasing demand for functionalized surfaces - 
planar as well as non-planar - also entails the necessity to 
apply alternative processes for nanostructuring to modify 
the geometric, optical, mechanical, electrical, or magnetic 
material and surface properties. In this context, microstruc-
turing and nanostructuring on curved technical surfaces 
poses a particularly great challenge. The functional com-
bination of nanostructures with precision optics (aspheres, 
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free-form surfaces) offers enormous potential for new high-
tech applications. The specific challenge of functionalized 
surfaces is highly linked to the combination of the latest 
micro/nano-machining technologies with highly developed 
nano-positioning and nano-measurement technology.

Considering the research deficits outlined, an essential 
task is to combine the latest micro- and nanofabrication 
processes with the enormous advantages of nanopositioning 
and nanometrology. For that purpose, nanopositioning and 
nanomeasuring machines (NPM machines), developed at the 
Technische Universität Ilmenau, are available, which have 
been proving their capability for nanomeasuring tasks since 
several years [27]. Based on the experiences regarding the 
position stability and trajectory fidelity of these machines, 
the attempt to use them for nanomanufacturing is obvious. 
When combining the advantages of advanced tip- and laser-
based processes with the extraordinary positioning capa-
bilities of NPM machines, there is the potential to push the 
limits of patternability, with sub-nanometer performance, 
across scales up to areas of 200mm × 200mm . Based on this 
synergy, true 3D nanofabrication (e.g. two-photon polymeri-
zation) and nanostructuring of 3D surfaces (precision optics, 
aspheres, and free-form surfaces) will become possible. This 
results in two fundamental goals: 

1. investigation and further development of existing or the 
development of new micro-/nanofabrication processes 
for application in NPM machines, making use of their 
unique advantages, especially with regard to nanometer 
precision in large spatial ranges.

2. investigation and further development of nanoposition-
ing and nanometrology with regard to new approaches 
to real 3D nanofabrication.

Research on these goals and challenges is currently car-
ried out in the scope of the research training group (RTG) 
“Tip- and laser-based 3D nanofabrication in extended mac-
roscopic working areas NanoFab”, based on DFG funding. 
This consolidation of ten departments, leading in their field 
at the Technische Universität Ilmenau, aims to overcome the 
current and future barriers for promising alternative nano-
fabrication technologies at the wafer scale.

3  State of the Art

The demonstration of new tip-based fabrication techniques 
is often based on (standard) AFM, thus in small areas of 
2 μm × 2 μm… 100 μm × 100 μm [28], often with inadequate 
metrology or control technology. However, the problems 
of these AFM technologies are well known and beyond 
question:

“The size accuracy or dimension variation is critical since 
the ability to fabricate a specific structure with a specific 
dimension dictates the use of the unique dimension-depend-
ent properties in nano-devices. The size control capability is 
absent in many existing TBN methods.” [29].

Existing laser-based methods are also limited by the use 
of piezo scanners (extended by stepper motors) or mirror 
scanners. A transfer to large machining areas with high lat-
eral structural accuracy and high positioning dynamics is not 
trivial and represents a serious research deficit.

To investigate tip-based nanofabrication technologies at 
the limits of structurability (1–5 nm) and to demonstrate 
them by using selected technologies, in particular single-
nanometer lithography [30], it is necessary to achieve the 
highest manufacturing precision with ever-smaller struc-
tures in large areas with high dynamics. For that purpose, 
positioning systems which fulfil the requirement of placing 
the measuring or manufacturing tool with nanometer uncer-
tainty in a working volume in the centimeter range are nec-
essary. The nanopositioning and nanomeasuring machines, 
developed at the Technische Universität Ilmenau through 
many years of research in the field of nanometrology, can 
be used to address this task.

One of the first NPM machines capable of a nano-
positioning in a large working volume was the NMM-1 
[31]. This machine offers a positioning volume of 
25mm × 25mm × 5mm with a resolution of 0.1 nm and an 
axis positioning uncertainty of 3 nm [32]. The machine is 
based on the sample scanning mode, where the probe or tool 
as well as the measuring system are fixed to a metrological 
frame while the sample is moved in three spatial directions. 
The position of the sample is tracked by three fiber-cou-
pled laser interferometers with a laser wavelength stability 
of < 2 ⋅ 10−9 , whose measuring axes virtually intersect at 
the center point of the tool/probe (tool center point, TCP) 
at any time. For this purpose, a special arrangement of the 
driving, guiding and measurement systems was designed. 
With this special setup, the Abbe principle is fulfilled in all 
three measuring directions, over the entire range of motion, 
at any time [32]. This results in the effective prevention of 
first-order measuring errors, which, among other measures, 
originates the high precision of the NMM-1 over the entire 
positioning range.

The basic functional design of the NMM-1 is shown in 
Fig. 1, with the moving measuring object carried by a corner 
mirror that is traced by three laser interferometers.

The implementation of the 3D Abbe principle and the 
prevention of first-order measuring errors is the basis for 
the high measuring capabilities of the NMM-1. To further 
enhance the measuring uncertainty, the tilt angles of the 
machine table are additionally closed-loop controlled [33]. 
This is realized by two autocollimators, detecting the rota-
tion of the table around the x- and y-axis (Nos. 4 and 5 in 
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Fig. 1) and the arrangement of the four z-driving systems, 
allowing active tilt control. This way, the machine table can 
be moved exactly parallel in the complete working volume 
of the NMM-1. Thus, the inherently limited accuracy of the 
mechanical guiding systems for the x-, y-, and z-movement, 
does not affect the overall machine precision, as the inevi-
table deviations are compensated for by the closed-loop 
machine control system. The prevented tilt of the machine 
table reduces measuring deviations even further by eliminat-
ing second-order measuring errors [34].

Based on the excellent measuring results and the expe-
rience gained with the challenges in nanometrology, an 
advanced NPM machine with an extended positioning 
range of 200mm × 200mm × 25mm , the NPMM-200 [35] 
(Fig. 2), was developed at the Technische Universität Ilme-
nau. This machine features the same basic concept as the 
NMM-1 and offers the same advantages regarding position-
ing accuracy and measuring capabilities. Because of the 
large operating volume, the closed-loop tilt angle control of 
the machine table is an essential issue. Therefore, the meas-
uring of the �x and �y angles is realized by a three-beam 

interferometer probing the z-mirror of the mirror corner, 
resulting in an enormous angle resolution of 0.000 03 [36]. 

Experiments with the NPM machines revealed that in 
addition to the measuring capabilities, their positioning 
properties are excellent as well. The machines have an 
enormous position resolution of down to 5 pm, an ultra low 
position noise, trajectory deviations in the single nanometer 
range, and virtually no overshoot during changes in direction 
or when approaching a certain position [36, 39]. Therefore, 
the NPM machines of the Technische Universität Ilmenau 
are perfect tools for the fabrication of 2D and 3D nanostruc-
tures in the size of a wafer.

For the described NPM machines, the focus was directed 
to a large range of motion in the z-direction for 3D measure-
ments of highly curved objects (aspheres, mirrors) or step 
height standards, etc. However, tip-based nanomeasuring 
and nanofabrication increases demands regarding position 
stability and dynamic behavior in the z-direction. Therefore, 
a machine type, which especially addresses the requirements 
of this technology, was developed.

The NFM-100 is based on the same design principles 
as the NMM-1 and the NPMM-200, however, it is a 2D 
machine with a planar driving and guiding system. The 
absent z-axis results in a remarkable stability of the machine 
table in this spatial direction, which makes the NFM-100 
a perfect platform for tip-based processes. The necessary 
z-movement in this machine is covered by the measuring/
tooling system and can be realized with a superior dynamic 
compared to the larger and heavier machine table of the 

Fig. 1  Basic mechanical and optical design of the NMM-1. 1 x-inter-
ferometer; 2 y-interferometer; 3 z-interferometer; 4 roll and yaw 
angle sensor; 5 pitch and yaw angle sensor; 6 probe; 7 sample; 8 
corner mirror; 9 zerodur pillar; 10 metrology frame (Zerodur©); 11 
base, guides of the 12 x-axis, 13 y-axis, 14 z-axis and drives of the 15 
x-axis, 16 y-axis, 17 z-axis [34, 37]

Fig. 2  Machine table and metrological Zerodur© frame of the 
NPMM-200, without probing system [38]

x
y

air bearings

magnets

coils (fixed)

slider

Fig. 3  Top: Photo of the NFM-100 with its tip-based measuring sys-
tem. A 4″-wafer is placed on the machine table to illustrate the scale. 
[40] Bottom: Schematic illustration of the driving system arrange-
ment of the NFM-100 [41]
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other NPM machines due to its low mass (Fig. 3). The NFM-
100 uses a planar direct driving system, where the single 
actuators are arranged in a common plane in a 120◦ shape. 
The guiding of the machine table is realized by air bearings 
floating on a granite base. This setup results in a circular 
moving range of Ø 100mm.

Table 1 gives a brief summary of the main parameters for 
the NMM-1, NPMM-200, and NFM-100.

4  Challenges and Objectives of Modern 
Nanofabrication

Deducing from the described deficits above, the question 
of transferring new nanofabrication technologies to large 
surface areas, as well as the question of a highly accurate, 
highly dynamic, and at the same time reproducible and long-
term stable nanopositioning have not been answered so far. 
Thus, there is a great need for research into the flexible, 
cross-scale, and at the same time cost-effective production 
of complex nanoscale structures, even in smaller quantities. 
However, nanofabrication on large scales leads to com-
pletely new challenges in terms of speed, highly dynamic 
positioning, and achievable throughput, as well as the long-
term stability of nanometrological equipment.

Therefore, it is necessary to advance into the border areas 
of nanostructuring with promising processes, which is not 
possible without using the unique advantages of the nanopo-
sitioning and nanometrology developed in Ilmenau. Further-
more, new requirements for nanopositioning and nanome-
trology are to be formulated from the needs of large-scale, 
cross-scale 3D nanofabrication techniques. In turn, solutions 
for a new quality of multi-axial, multi-tool nanofabrication 
machines, combined with new nanofabrication strategies, are 
to be derived. As a result, from the combination of nanofab-
rication and nanometrology on one machine, an immense 
advantage can be expected.

The central research question is to what extent the com-
bination of advanced cutting-edge and laser-based processes 

with nanopositioning and nanometrology will lead to new 
synergetic approaches of 3D nanofabrication that will extend 
the current limits of nanotechnologies and introduce new 
possibilities. The overall objective of the project can be split 
in certain research topics, derived from the requirements of 
nanotechnologies:

• Techniques for (AFM-) tip-based, cross-scale nanofabri-
cation up to the limits of technical structurability in the 
sub-10-nm range on large surfaces, with the demand for 
the highest dynamics with the highest structuring accu-
racy.

• Techniques for laser-based nanofabrication at the physi-
cal limits of optical technologies, especially with regard 
to minimizing the lateral resolution of inclined surfaces.

• New solutions of nanofabrication on (non-planar) free-
form surfaces with consideration of the interactions of 
the tools on these surfaces.

• Consistent application of metrological, error-theoretical 
strategies, such as error-minimal measurement principles 
and other principles of precision metrology, to nanofab-
rication techniques.

• Development of solutions for high-level parallelization 
of nanotools.

The research focus and results in these topics are described 
in more detail in the following sections.

4.1  Laser‑based Nanofabrication

Methods for micro- and nanofabrication using mask-less 
lithography on (non-)planar surfaces, in combination with 
the outstanding metrological properties of the Technische 
Universität Ilmenau NPM machines, offer a unique oppor-
tunity for the realization of powerful large-area structuring. 
The main advantage of mask-less lithography is the virtually 
unlimited flexibility in the design of the exposure patterns.

From the point of view of laser nanoprocessing technol-
ogies, interference lithography and SNOM processes are 
important candidates for optical nanostructuring on free-
form surfaces. This is especially true under the aspect of 
increasing lateral resolution and parallelizing structuring 
processes. The two-photon polymerization technique has 
experienced enormous progress in recent years [43]. Devel-
opment of these processes and the combination with the 
approaches of NPM technology should enable completely 
new possibilities of cross-scale, complex 3D, optical mate-
rial modifications of the highest spatial resolution and high-
est structuring accuracy.

Non-linear direct laser writing, also called two-photon-
based direct laser writing, enables the mask-less 3D struc-
turing of photosensitive materials. Two-photon-based direct 
laser writing combined with large-area and high-precision 

Table 1  Overview of the main parameters for the NPMs at the Tech-
nische Universität Ilmenau

NMM-1 NPMM-200 NFM-100

Working range 25 × 25 × 5 200 × 200 × 25 Ø100 × 0

(mm) [31] [35] [40]
Resolution 0.1 0.005 0.005
(nm) [32] [36]
Meas. uncert. < 3 < 30 to be specified
(nm) [32] [36]
Tools Manifold Manifold AFM, FE-SPL

[42] [27] [40]
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nanopositioning has already been demonstrated [44]. For 
the first time, structure widths far smaller than the diffrac-
tion limit can be realized with conventional two-photon laser 
writing in a positive photoresist, which was previously only 
possible with STED-inspired laser lithography. In the direct 
laser writing process, the focus of an ultrashort pulse laser 
is moved along 3D trajectories through the photosensitive 
material, which causes a spatial modification of the material 
along these trajectories by two-photon polymerization (2PP). 
Compared to single-photon polymerization (1PP), 2PP has 
a significantly smaller affected volume at the focal point of 
the laser beam, which enables the writing of structures in 
the nanometer range. To achieve the necessary high photon 
densities, a short-pulse laser is used, which increases the 
absorption probability compared with a continuous-wave 
laser. This also enables necessary high writing speeds [45] 
on the order of magnitude of mms−1 , which are required 
to write structures over several mm2 in an acceptable time. 
In addition to the 2PP technique, the 1PP technique is also 
investigated using a common optical setup in which the 
corresponding laser sources can be coupled in separately. 
Figure 4 shows the setup of the NMM-1, equipped with a 
femtosecond laser. Structuring results generated with this 
setup, proving the potential of the utilized technique, are 
depicted in Fig. 5. 

During the writing process, it is essential that the surface 
of the sample is always in the focal point of the writing 
laser to achieve minimum structure widths. For the detection 
of the sample surface, a laser focus sensor (LFS) was also 

integrated into the optical setup, which allows for simultane-
ously detecting the position of the sample and structuring the 
applied resist material. Because the three systems, 1PP, 2PP, 
and LFS, work with different wavelengths, the partial beams 
can be guided through the optical setup without interfering 
with each other [47].

Table 2 summarizes the properties and challenges of 
laser-based nanofabrication processes.

4.2  Tip‑based Nanofabrication

Regardless of the advantages of conventional optical fabri-
cation techniques, there is a fundamental limit to the mini-
mum distance of the structures written because of the optical 
diffraction limit. Thus, tip-based fabrication is a promising 
technology to manufacture features smaller than a charac-
teristic size of 10 nm. Current solutions for AFM tip-based 
nanofabrication are usually limited by structuring ranges 
in the micrometer range [7, 23, 25]. At the same time, the 
challenges with respect to precision, reproducibility, long-
term and short-term stability, dynamics and others are well 
known [7, 24]. As a result, there is a need to research the 
combination of these nanofabrication technologies with 
adequate nanopositioning and nanometrology for a flexible, 
cross-scale fabrication of complex nanoscale structures. 
Here, the focus is directed to the connection of the process 
for “scanning proximal probe lithography” [48], which 
was also developed at the Technische Universität Ilmenau, 
with the NPM technology. With this combination, funda-
mental questions about the limits of structurability down 
to the molecular and atomic level are explored with simul-
taneously increasing processing fields of 1″ – 8″ and high 
speeds. Finally, new methods to increase throughput, such 

Fig. 4  Setup of the NMM-1 and the femtosecond laser for 2PP direct 
laser writing. The writing laser is switched by an acousto optical 
modulator (AOM) according to the structures to be written. A laser 
focus sensor is utilized to keep the surface of the sample in the focus 
spot of the writing laser

Fig. 5  Structuring results with the described setup. Top Smallest line 
widths of 37.8 nm could be achieved. Bottom Demonstration of the 
capability for 3D writing [46]
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as micro-stamping approaches, parallelization of AFM tips, 
as well as the further development of mix and match strate-
gies, are essential.

At the Technische Universität Ilmenau, the scientific-
technical bases for novel, piezoresistive, thermomechani-
cally actuated lithography cantilevers [49] and cantilever 
arrays [50, 51] were introduced and a unique understand-
ing regarding their use for AFM and scanning probe lithog-
raphy was gained. This work culminated in the develop-
ment of special systems for very fast lithography and AFM 
measurements.

The fundamental elements for those techniques and 
achievements are self-sensing and self-actuated microcan-
tilevers. The actuation is realized by the deposition of a 
meander-shaped aluminum layer on the silicon cantilever. 
When an electrical voltage is applied to this meander, it will 
heat because of its ohmic resistance. The bimorph effect 
will lead to a bending of the cantilever beam because of the 
different coefficients of thermal expansion of the cantilever 
layers. When applying a periodic voltage, a resonance at the 
inherent frequency of the cantilever can be stimulated. The 
integrated actuation spares the need for an external excita-
tion, e.g. by a shaker piezo. This entails important advan-
tages such as compact design, precise excitation of the can-
tilever at its resonance frequency, and the fast deflection of 
the cantilever at lower frequencies [30].

A piezoresistive measuring bridge sensing element is 
used to detect the actual deflection of the microcantilever. 
This assembly is placed at the clamping point of the beam. 
With the self-sensing cantilever, there is no need for an 
external deflection measuring system such as detecting the 
deflection of a laser spot with a four-quadrant photo diode 
(optical lever). This allows for a compact design and flexible 
operation of the complete system (Fig. 6).

The described cantilevers can be utilized in classical 
AFM mode for the pre- and post-inspection of samples 

during subsequent nanofabrication steps. Furthermore, 
there is the possibility of using them for nanostructuring 
with field-emission scanning probe lithography (FESPL, 
see next paragraph). These two modes of operation allow 
the sample to be measured and structured without chang-
ing tools, which is an enormous advantage as the posi-
tional relationship between successive processing steps is 
always maintained.

The FESPL technique for nanofabrication is based on 
a Fowler–Nordheim electron emission and is capable of 
structuring features in the sub-10-nm range under standard 
conditions [30, 53]. Therefore, the technique can serve as 
a technology for prototyping sub-10-nm high-performance 
electronic devices [54, 55]. In this mode of operation, the 
distance between cantilever tip and sample is closed-loop 
controlled to create a constant current between the cantile-
ver tip and the surface. As a result, the resist is exposed by 
the electron current, allowing for tip-based lithography [56].

In addition to the plain fabrication of structures in the 
10-nm range, the challenges of cross-scale structuring up to 
the macro-scale on the order of several mm2 are subject to 
current research at the Technische Universität Ilmenau. The 
lifetime of the cantilever tip is a severe problem in this appli-
cation. Structuring 4″ wafers with a 100-nm line distance 
results in an overall machining route of 81 km in length. 
Obviously, tip wear is an important factor for this kind of 
application.

For that reason, different tip materials are investigated 
in the current project. The diamond cantilever tip favored 
here, processed using a focused ion beam (FIB), exhibits 
long-term stability that is ideally suited for the structures to 
be written. This type of cantilever tip is suitable for writing 
processes over several hours to days because of the outstand-
ing mechanical strength and the stable electron emission, 
which are necessary for large-area structuring. The FESPL 
technique was able to successfully produce structures with 
a width (half-pitch) of 15 nm [57]. In addition to the advan-
tageous mechanical and tribological properties, diamond 
is also chemically inert, has a high thermal conductivity, 

Table 2  Overview of the pros, cons, and challenges of laser-based 
nanofabrication

Pros
 High writing speed
 Contactless
 3D structuring (2PP)

Cons
 Limited resolution
 Point-wise writing

Challenges
 Improve resolution (non-linear writing, material threshold)
 Track surface, control working distance, focal spot size
 Parallelization (multi-beam)
 Dose control during non-uniform speed

Fig. 6  Secondary electron images of an active cantilever with a pie-
zoresistive read-out and a meander-shaped thermomechanical actua-
tor (left) and magnification of the silicon tip of the cantilever (right) 
(courtesy nano analytik GmbH, Ilmenau, Germany) [40, 52]
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and a high breakdown voltage. In nanocrystalline form, 
diamond can act as a good electron emitter when the grain 
boundary states have a relevant influence, or when electrons 
move along the surface. These and the previously described 
properties enable the successful generation of nanometer 
structures with FESPL in an ultra-thin calixarene layer with 
a significantly longer tip lifetime than conventional silicon 
cantilever tips.

A picture of the diamond tip and structured double line 
feature is shown in Fig. 7.

Electronic circuits based on established FinFETs technol-
ogy are approaching a 3-nm node. Scanning probe lithogra-
phy (SPL) is also contributing to “atom electronics”, which 
will likely be the final step of electronics miniaturization, 
where electronic devices are realized by a single or few 
atoms. A pierced hollow cantilever tip can be used as a 
dynamic nanostencil mask and employed in the implanta-
tion of single dopant atoms. In this manner, every single 
dopant can be placed with precision and realize atomic-scale 
nodes [59].

So far, four NMM-1 nanopositioning and nanomeasuring 
machines with a measuring range of 25mm × 25mm × 5mm 
and one NPMM-200 ( 200mm × 200mm × 25mm ) are 
available for the research work on future nanofabrication 
techniques. Shortly, an important large-scale device, the 
Ø 100mm nanofabrication machine NFM-100, was added 
to this equipment base. This machine was built by the SIOS 
Meßtechnik and is based on three basic techniques devel-
oped at the Technische Universität Ilmenau, which deter-
mine the state of the art [41]. With the NFM-100, the RTG 
is now in a position to combine the advantages of SPL with 
the outstanding properties of nanopositioning technology, 
entirely in line with the outlined central research idea.

The application of large area AFM scans and FESPL is 
currently investigated using the NFM-100. There, the large 
positioning range of this machine was utilized to success-
fully demonstrate long-range AFM scans over 50 mm and 

area scans of 0.5mm × 0.5mm . Furthermore, the overall 
resolution of the combined system and first results in struc-
turing calixarene coated samples could be shown [40, 41] 
(Fig. 8).

Table 3 summarizes the properties and challenges of tip-
based nanofabrication processes.

4.3  Areal Nanofabrication

As described in the paragraph before, point-wise structuring 
of large areas is a time-consuming process. For this reason, 
several writing techniques capable of parallel, respectively 
two-dimensional, exposure have been investigated.

Interference lithography is a powerful method for fast 
large area exposure of micro- and nanostructures. Com-
pared with the direct-writing methods of laser or electron 
beam lithography, the decisive advantage is the possibility 
of simultaneous exposure of 2D areas of the substrate. Opti-
cal effects such as the Talbot effect have been used to create 
periodic structures in optical lithography [60]. The projec-
tion on curved surfaces requires illumination with free-form 
wave fronts, which are usually generated by phase modula-
tion. However, because of the coherence of the used laser 
source, parasitic speckle effects occur, which result in an 
increased roughness of the exposed structures.

Therefore, the use of incoherent illumination is investi-
gated to use the Lau effect to realize optical lithography on 

Fig. 7  Left: Diamond tip for FESPL after micro-machining using a 
focused gallium ion beam [58]. Right: SEM image of double line fea-
tures, structured with the described FESPL technique. A fully etched 
trench between the two parallel lines is observed and the line distance 
is 30 nm [56]

Fig. 8  Top: Close-up view of the NFM-100 machine table and 
mounted tip-based AFM/FESPL system. Bottom: Section of a line 
scan of a 8 μm pitch sample, acquired with the described AFM system 
and NFM-100. Total scan length was 50 mm and scan velocity was 
20 μms−1 [40]
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flat and curved surfaces and to increase the lateral resolu-
tion through cross-correlation between periodic rectangu-
lar intensity distributions. Here, substrates with complex 
surface topologies pose a particular challenge. To face the 
described challenges, optical system solutions for interfer-
ence exposure were developed. First, the scalar diffraction 
theory was used to mathematically describe and simulatively 
investigate the light propagation in the Lau experimental 
setup under spatially coherent and spatially incoherent illu-
mination. Subsequently, a corresponding setup was realized. 
Previously unknown effects in the generation of the interfer-
ence pattern could be revealed during the investigations of 
the Lau effect. Finally, the Lau fringes generated with the 
developed setups were used in optical lithography on planar 
and curved surfaces (Fig. 9).

Holographic projections by amplitude modulating spa-
tial light modulators (SLM) are capable of planar exposures 
with structure sizes less than 1 μm [62]. These systems are 
limited in their depth of field and are only suitable for struc-
turing non-planar surfaces to a limited extent. The depth of 
field can be increased by using phase-only liquid crystal on 
silicon (LCoS) SLM. The implementation of such an SLM 
system was another push for the application of this tech-
nique. For that purpose, in-depth investigations regarding 
the hologram calculations and adaptation to 3D surfaces 
were conducted, starting from simple planar exposure. The 
developed algorithms were used to simulate the projection 
quality for various parameters and compare the variants in 
terms of quality, intensity, and diffraction efficiency. Subse-
quently, a corresponding experimental setup was realized to 
verify the simulation results. Various design-related effects 
of the LCoS-SLM, such as crosstalk between neighboring 
pixels and the limited pixel fill factor that can lead to disturb-
ing diffraction efficiency, were identified, investigated, and 
compensated for where possible.

Nanoimprint lithography (NIL) is a low-cost, areal 
patterning process that offers the high throughput and 

resolution needed for nanofabrication. Since the process is 
purely mechanical, there are no limitations because of opti-
cal effects such as scattering, refraction, and interference, 
as in common photolithographic techniques. The process 
uses a flexible, transparent stamp and resists curing by UV 
light (UV-NIL). The challenge with any imprint process is 
the positioning and alignment of the stamp relative to the 
sample. Here, the outstanding positioning capability of the 
NPM machines is an invaluable advantage. Exact alignment 
to existing structures (overlay) or during a stitching process 
is ensured at any time because of the position uncertainty 
in the single-digit nanometer range. The trajectory fidelity 
of the NPM machines also plays a decisive role, such that 
the stamp can be approached perpendicularly to the sample 
surface and no unacceptable transverse movement occurs, 
which would affect the final imprint outcome. The results 
of an imprint process on a flat sample show achievable lat-
eral resolutions on the order of 100 nm [63]. For structuring 
strongly curved surfaces with local inclinations of up to 45◦ , 
it is necessary to incline the stamp itself. The challenge here 
is to approach the stamp perpendicularly to the surface of the 
sample to produce an error-free impression. The realization 
of a corresponding setup was conducted using the five-axis 
NPM machine described in Sect. 4.4. A combination with 
the manufacturing processes from the Sects. 4.1 (direct laser 
writing) and 4.2 (FESPL) could also be demonstrated by 
realizing a mix-and-match process. This verification proves 
the potential of the NPM machines for a synergy of differ-
ent structuring technologies, where a master for the NIL 
process is generated with comparatively slow point-based 
processes and then duplicated in a time- and cost-efficient 
manner (Fig. 10).

The successful realization of a complete process chain 
for the production of nanostructures on large surfaces rep-
resents a significant step in the alternative manufacturing 
of nanostructures with the NPM machines of the Technis-
che Universität Ilmenau. The different manufacturing pro-
cesses—tip-based nanolithography, direct laser writing, and 
nanoimprint lithography—have been successfully combined 
in such a way, that time- and cost-efficient series production 

Table 3  Overview of the pros, cons, and challenges of tip-based 
nanofabrication

Pros
 Single-nm resolution
 Self-actuated and self-sensing cantilevers
 Pre- and postinspection by same tool

Cons
 Low writing speed
 Tip wear

Challenges
 Parallelization (multi-cantilever)
 Mix and match
  Increase tip lifetime and/or reproducibly change tip

Fig. 9  Demonstration of lithography by Lau fringes on a planar glass 
wafer [61]
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of complex structures is possible. Using a mix-and-match 
approach, individual parts of the structure to be produced 
can be written with the optimal process for the particular 
feature and then reproduced using NIL. This replication 
means that the comparatively slow point-based writing pro-
cesses are only necessary once, and the complex structure 
can then be reproduced several times, thus producing com-
plete structures on large areas at high resolution.

Table 4 summarizes the properties and challenges of areal 
nanofabrication processes.

4.4  Nanofabrication on Free‑Form Surfaces

The functionalization of surfaces with nanostructures has 
enormous potential for the development of products with 
previously unknown properties and is the subject of cur-
rent international research initiatives. The research focus 
is currently limited to flat surfaces. The functionalization 
of non-planar surfaces (in optics, e.g., aspheres and free-
form surfaces) using nanostructures would enable fur-
ther significant technical progress [64]. In addition to the 

challenges of mechanical and optical structuring, there are 
metrological and technological requirements for the NPM 
machines resulting from the complex task. The aim is to 
show that nanostructuring is also feasible on inclined, arbi-
trarily shaped surfaces and that it is possible to connect the 
produced 3D structures with nanometer precision to pre-
cision components by applying the NPM technology. This 
can introduce functional integration of photonic/plasmonic 
systems on macroscopic free-form surfaces with new proper-
ties [65, 66]. This approach is associated with the need for 
additional movements to address features in 3D. In addition 
to a theoretical penetration, new metrological and precision 
mechanical approaches, combined with new control con-
cepts and machining strategies, have to be developed. These 
must fulfil the combined metrological requirements of meas-
urement and machining in terms of production technology.

The majority of NPM machines are based on three linear 
traversing axes arranged in a Cartesian coordinate system. 
However, these reach their limits on samples with strong 
local inclination angles, undercuts or large aspect ratios. A 
complete measurement or structuring with nanometer pre-
cision of such a specimen in a single clamping is virtually 
impossible with this restricted design. Alignment of the tool 
main axis normal to the curved surface enables compliance 
with the precision requirements. By integrating additional 
rotational axes, the accessibility of demanding geometry 
elements can be significantly improved without disadvan-
tageous modifications of the probing system. At the same 
time, the necessary expansion of the kinematic freedom 
must not compromise the precision properties of the origi-
nal NPM machine. Therefore, the systematic development 
of multi-axis machine structures with up to six degrees of 
freedom with large ranges of motion and ensuring the met-
rological validity of the overall concept was a focus of the 
project. For this purpose, the design fundamentals for multi-
axis nanopositioning machines, the integration of additional 
rotational axes for positioning the measuring or processing 
tool to the surface of the sample, were deeply investigated 
[67, 68]. Subsequently, the optimal structure for the set of 
requirements was searched among a large number of func-
tional variants. Based on the systematic development and 
extensive preliminary investigations, two rotational axes for 
the additional degrees of freedom were designed for integra-
tion into the NMM-1 of the Technische Universität Ilmenau. 
The following picture shows the functional concept of the 
chosen attempt.

The developed configuration was implemented (Fig. 11) 
and the metrological performance was comprehensively 
investigated. In addition, as proof of functionality, a meas-
uring tool (laser focus sensor) and a processing tool (NIL 
stamp, Sect. 4.3) were integrated into the NMM-1. Figure 12 
shows the integrated NIL stamp and the imprint results for 
an inclination of 0◦ and 45◦.

Fig. 10  NIL stamp, fabricated by mix and match of DLW and FESPL 
and subsequent replication of the written master features into a nega-
tive PDMS structure [54]

Table 4  Overview of the pros, cons, and challenges of areal nanofab-
rication

Pros
 Fast structuring
 Single-nm resolution (mechanical processes)
 Suitable for mix-and-match processes

Cons
 Limited resolution (optical structuring)
 Stamp wear (mechanical structuring)
  Limited ability for strongly curved surfaces

Challenges
 Structuring of arbitrarily curved surfaces
 Crosstalk between adjacent pixels
 Positioning and aligning of tool
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4.5  Dynamics and Traceability

With a suitable controller design, it is possible to tune the 
guidance behavior of an NPM machine largely independ-
ent of the disturbance behavior. High demands on the per-
formance of the disturbance compensation require suitable 
models for the disturbance influence; however, the smallest 
delay is required in the reaction of the controller to the dis-
turbance. Therefore, new strategies for real-time control and 
disturbance models were developed for the purpose of highly 
dynamic active disturbance compensation in probing and 
machining systems. These structural specifications were the 
basis of the design of powerful adaptive control concepts. 
The focus here was on the application of non-integer, linear, 
time-invariant systems [70]. This concept is used in control 
engineering because of the increased degree of freedom in 
the frequency domain [71]. How the change in the order of 
the non-integer derivative affects the estimation of the sys-
tem states was investigated. Based on a system description 
adapted to the NPM machines, observers can be designed, 
which converge faster.

This attempt is well suited for describing real processes 
with memory. The representation of classical systems of 
integer order with the aid of non-integer operators allows 
observers to be designed [72], which achieve increased 
convergence rates despite sensor noise. However, prelimi-
nary work showed deficits in the modeling with regard to 
the steady-state accuracy of the models, in particular static 
hysteresis. This in turn leads to only poorly identified high-
frequency model components (e.g., resonances or creep 
behavior [73]).

Detailed modeling, especially of hysteresis phenomena, 
was necessary to improve the model quality and thus also the 
control. Operator-based or differential approaches (and also 
fractional approaches [74]) are currently being compared 
with regard to their structure, complexity, and real-time 
capability. Furthermore, sensor quantizations, which so far 
have simply been regarded as disturbances, are included, as 
they become relevant for the targeted accuracies.

For highly dynamic control of the tip- and laser-based 
machining processes, the current between cantilever and 
substrate (Sect. 4.2) or the laser power (Sect. 4.1) must be 
actively controlled in addition to the distance if the surface 
properties are unknown. For this purpose, a forward predic-
tion of the geometry to be addressed next has to be derived 
from the passed trajectory using observer approaches. If the 
unknown geometry is modeled as a disturbance, fractional 
approaches can help to expand the possible disturbance 
class. Multidimensional approaches are required to consider 
directionality. Subsequently, the control of the cantilever 
current or laser power is to be coupled with the subordinate 
position control.

The second approach to increase the convergence of an 
observer is to represent integer linear time-invariant systems 
by non-integer operators. The use of fractional derivatives 
in the observer design leads to increased convergence in the 
time interval immediately after the initial time point. In this 
context, the periodic cancellation of the non-integer dynam-
ics leads to exponential stability. The theoretically developed 
controller structures were verified in an experimental setup.

Fig. 11  Top: Metrological setup of the five-axis Nanomeasuring 
Machine NMM-1 (2D visualization; only 2 of 3 interferometers and 
distance sensors are shown.). 1 mirror corner (moving in x, y, z); 2 
interferometers; 3 metrological frame; 4 goniometer axis; 5 rotational 
axis; 6 distance sensors of the reference system; 7 reference hemi-
sphere; 8 tool; 9 measuring object; 10 force frame [69]. Bottom: Pho-
tograph of the designed setup for the two additional rotational axes

Fig. 12  Nanoimprint on a plano-convex lens: a Experimental setup 
with lens on an NMM-1 machine table and NIL stamp, inclined by 
45

◦ to the z-axis, b image of imprint result on the top of a sample 
(imprint at 0◦ ) and c image of imprint result at the edge of a sample 
(imprint at 45◦ ) [69]
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A current problem in nanopositioning is the robustness of 
the control systems, as they are usually very susceptible to 
disturbances and uncertainties. Therefore, for control with 
6 degrees of freedom, an adaptive control theory is devel-
oped for the interconnection and damping assignment pas-
sivity-based control (IDA-PBC) methodology in the implicit 
frame. Passivity-based control (PBC) plays a central role 
in the development of algorithms that exploit the passivity 
and energy characteristics of mechanical systems. Moreo-
ver, the IDA approach shapes the system energy, i.e., the 
kinetic plus potential, through feedback that maintains the 
closed-loop mechanical structure. The novelty of this adap-
tive control approach is to asymptotically stabilize a class of 
mechanical systems even under constrained disturbances and 
uncertainties. IDA-PBC is a well-established robust tech-
nique and the adaptive term improves the compensation of 
limited disturbances and uncertainties. The applicability of 
this novel control concept in highly dynamic nanoposition-
ing was investigated and serves as a basis for identifying 
improvements in the drive arrangement of NPM machines 
based on simulations and measurements.

Highly dynamic nanopositioning in the vertical direction 
is a particular issue in nanofabrication. Exact movements in 
this direction pose an exceptional challenge because of the 
gravitational force: the mass of the vertically moving parts 
must be permanently held in the target position by the drive 
system against the force of gravity, which usually results in 
continuous power consumption of the associated drives and 
an according heat dissipation. Therefore, an integrated lift-
ing and actuating unit (LAU) was developed that addresses 
this challenge and enables positioning over large ranges of 
motion with nanometer resolution while minimizing power 
consumption. The weight force in vertical axes is usually 
compensated by pre-tensioned springs or pneumatic cylin-
ders. The use of springs requires an adjustment of the spring 
characteristic curve to generate a constant compensation 
force over the entire stroke of the vertical axis. Furthermore, 
additional degrees of freedom are required in the corre-
sponding spring mechanism for different loads, e.g., because 
of different measurement objects. Conventional pneumatic 
cylinders suffer from the friction between piston and wall 
of the bore, which leads to the known stick-slip-effect and 
makes high-resolution positioning nearly impossible. For 
this reason, a special pneumatic weight force compensation 
was developed where the compensation force can be eas-
ily adapted to different loads by varying the pressure in the 
pneumatic chamber. Therefore, only the forces for position-
ing (acceleration) and compensation of external disturbances 
are generated by the actual driving system, reducing the 
power consumption to a minimum [75]. The unique detail is 
the frictionless construction of the pneumatic cylinder with a 
pneumatic sealing, realized by a radial air bearing. Virtually 

unlimited position resolution is within reach because of the 
pure fluidic friction (Fig. 13).

Forces in AFM-based nanofabrication technologies and 
corresponding material properties have a great influence on 
the wear of the AFM tip. Therefore, the effects of machining 
forces on tool behavior and position in nanofabrication were 
investigated, with a particular focus on achieving traceable 
calibration of combined force-position sensor systems. The 
focus was on cantilevers for tip-based nano-measurement 
and structuring, whose probing force is proportional to the 
deflection. The stiffness has large uncertainties because of 
manufacturing tolerances and other influences and must 
therefore be calibrated to ensure clearly defined measuring 
and manufacturing parameters.

The aim of the work was to significantly improve the 
metrologically traceable calibration of force sensors in the 
nanonewton range and develop a fundamental measuring 
device for small forces. This fundamental measuring device 
is to be traced back to SI units in three different ways:

• Gravimetrically with small mass standards
• Electromagnetically according to the Kibble balance 

principle
• Electrostatic

A further goal is the transfer of the calibration of nanonew-
ton forces to MEMS systems. In context with the tip-based 
technologies (Sect. 4.2), methods for direct and indirect cali-
bration of the self-actuated MEMS probes have to be identi-
fied and are currently being investigated. The long-term goal 
is the development of MEMS probes that measure forces and 
displacements and are self-calibrating in situ [78]. With both 
the cantilever calibration system and calibrated cantilevers/
probes, the implementation and investigation of calibrations 
on reference marks of known geometries and material prop-
erties on the object itself are targeted, taking advantage of 
the high positioning accuracy of the NPM machines.

Cantilevers must be calibrated with forces in the range of 
nanonewtons because of the risk of damage or deformation, 
which results in increased measurement uncertainty. Thus, 
a load cell whose mechanics and measuring range are opti-
mized for the calibration of cantilevers is required. The eval-
uation of the metrological quality and its adaptation to the 
parameter requirements of nano-machining were the focus of 
the research. With the calibration procedure developed, the 
necessary low measurement uncertainties can be achieved 
and the calibration process corresponds to the deformation 
of the cantilevers in the subsequent application. To reduce 
the uncertainty contribution of the force measurement, a new 
load cell was developed (Fig. 14) that overcomes the afore-
mentioned limitations and problems.

With this completely new cantilever calibration system, 
the calibration of a soft cantilever ( c = 19mNm−1 ) with a 
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relative measurement uncertainty of 1.5% ( k = 2 ) can be 
achieved at a maximum calibration force of 100 nN [79]. 
Subsequent SEM images of this cantilever showed no detect-
able tip wear.

For tactile measurements and especially machining, 
force-guided control of the NPM machines [80] is required 
in addition to pure position control. As a result, metrologi-
cal traceability of the force vector measurement is crucial 
because knowledge of the feed force and position-dependent 
mechanical interaction between the sample and the tool is 
important for precise machining. Therefore, traceable cali-
bration of suitable single- and multi-component force sen-
sors is necessary. For this purpose, multi-component force-
torque sensors with a high measurement dynamic range, fast 
transmission properties, and purely electrical in situ cali-
bration are developed and investigated. There, the focus is 
specifically on the measurement and control of torques for 
nanofabrication and the traceable realization for calibrations 
of very small torques. This results in high demands on the 
measurement uncertainty of the torque standard measuring 
devices. Thus, a new principle for setting different torques 
was developed based on the jockey-weight principle. The 
basic idea consists of a high-precision mass, which is moved 
along a lever and thus generates variable torques depending 
on its distance to the center of rotation. The mass is repre-
sented by a silicon sphere of 1 kg mass, which is a second-
ary standard with an extremely low relative standard uncer-
tainty. The developed calibration principle was transferred 

to a corresponding experimental setup and comprehensively 
investigated. The focus was on the question of the transfera-
bility of static calibrations with comparative or fundamental 
methods to rapidly changing forces, which were investigated 
by model and experiment.

5  Conclusions and Outlook

The central research question addressed in this paper is how 
the latest nanofabrication techniques can be synergistically 
combined with the outstanding capabilities of nanoposition-
ing and nanomeasuring (NPM) machines in such a way that 
new, innovative, cross-scale, large-area solutions for 3D 
nanofabrication become possible. The consistent application 
and extension of error minimized metrology principles to 
nanofabrication systems and the derivation and investigation 
of new nanofabrication opportunities and strategies should 
be realized. The vision is to create a powerful, universally 
applicable and viable nanofabrication platform that can 
effectively contribute to the advancement of next-generation 
nanotechnologies.

New and alternative nanofabrication processes have been 
the subject of research for several years [15, 81]. However, 
the processes are limited to basic investigations of new nano-
structuring phenomena, which are usually demonstrated only 
on areas of a few square micrometers. The problem of apply-
ing efficient, highly accurate, highly dynamic, simultane-
ously reproducible and long-term stable nanopositioning to 
large surface areas for the purpose of nanofabrication has 
not been systematically investigated so far. This is where 
the RTG NanoFab steps in. The focus of the RTG is on 
researching new possibilities for innovative nanofabrica-
tion processes by combining them with highly developed 
approaches to nanopositioning and nanometrology.

The goal is to combine high-performance, tip- and laser-
based micro- and nanofabrication techniques with the unique 
possibilities of nanopositioning and nanometrology devel-
oped at the Technische Universität Ilmenau to introduce 
completely new possibilities for nanofabrication. This way, 

Fig. 13  Top Principle of the LAU, with the components: pneumatic 
weight force compensation, precision Lorentz-force drive, aerostatic 
guiding, measurement system [76]. Bottom Power dissipation in the 
LAU for a jump of 1 μm in z-direction with a velocity of 1mm s−1 [77]

Fig. 14  Mechanical setup of the one-flexure load cell for traceable 
cantilever calibration: 1 point of load application; 2 monolithic bal-
ance lever; 3 actuator with magnet and coil; 4 measuring mirror of 
the differential interferometer (INF) [79]
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the current technical limits of structurability can be over-
come to realize structures with sub-nanometer precision and 
three-dimensionality across scales in large working areas 
(up to 200mm × 200mm × 25mm ). The implementation of 
the International Roadmap for Devices and Systems (IRDS) 
[6] represents a significant technology driver. In addition 
to the increasingly complex optical lithography for highly 
integrated circuits, which only remains affordable through 
mass production, alternative nanofabrication techniques for 
flexible, universal, and iterative production are increasingly 
coming into focus. There is a research deficit in realizing 
such tip-based nanofabrication technologies at the limits of 
patternability (1–5 nm) on larger areas. Novel functionali-
zations of precision optics can be realized by transferring 
2D/3D laser nanoprocessing technologies for sub-wave-
length patterning to non-planar large-area surfaces. Finally, 
the combination of nanomeasurement and nanofabrication 
technologies in one machine can be used to develop new 
highly efficient nano-repair technologies. In this context, 
the consistent and systematic application of metrological 
approaches to (nano-) fabrication technologies represents 
an important innovative and unique research approach that 
makes it possible to create the kinematic and metrological 
prerequisites for 3D nanofabrication with new quality.

The uniqueness of the NPM technology developed at 
the Technische Universität Ilmenau, the combination of 
the highest resolutions with cross-scale measurement and 
positioning ranges (up to 10−10 ) introduces completely new 
technical possibilities.

In the future, optical-induced local thermal effects [82], 
which appear to have the potential for direct laser writing 
of sub-50-nm structures that are well below the diffraction 
limit, will be subject to research for the integration in NPM 
machines. This reinforces the goal of large-scale sub-wave-
length patterning, from planar to curved and 3D surfaces, 
and from point-by-point to array-based processes for further 
work. The comprehensive inclusion of machining forces and 
the extension of the mechanical models to compliant systems 
will enable further development of highly dynamic, highly 
accurate, and high-resolution nanopositioning/nanofabrica-
tion. Finally, the demonstration of demanding applications 
is a target in the next few years. In particular, the interdis-
ciplinary realization of process chains for the production of 
novel single-electron, photonic, and quantum components 
will be addressed.

The vision is to create the foundation for realizing com-
prehensive nanofabrication on the basis of NPM machines. 
The goal is also to systematically and consistently expand 
the field of nanopositioning and nanomeasuring machines 
with respect to the field of nanofabrication.
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