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Abstract: This work presents the new development of a nanopositioning machine for a large operating
range. The machine, called NPS6D200, provides 2200 mm planar and 25 mm vertical travel range
and applies a 6D closed loop control with all drive forces applied directly to the same moving part.
The stage architecture evolves from an integrated planar direct drive which is extended by high
precision vertical positioning capability. The setup of the machine and the characteristics of the
different subsystems are presented together with investigations into the positioning performance
that is achieved with the NPS6D200. In constant setpoint operation as well as in synchronized
multiaxial motion tasks over three orders of magnitude, the system shows servo errors only in the
low nanometer range and proves suitable as positioning platform for nanoscience applications.

Keywords: nanopositioning stage; sub-10 nm; multi-coordinate direct drive; 6D-control

1. Introduction

The field of nanotechnology has witnessed significant advancements in recent years,
and the frontier of nanosciences has reached the sub-10 nm scale [1]. This trend is driven
by the demands of various industries, particularly the semiconductor industry. Here, with
the current node reaching single-digit nanometer scale [2], there is an increasing need
for advanced nanofabrication techniques that offer sub-10 nm resolution and precision.
Moreover, the expanding field of nano applications and basic research at the nanometer
level, including nanooptics, biosensing, and quantum devices, has further fueled the
demand for such capabilities [3]. Looking at nanofabrication, the CMOS approach evolved
to be the widespread method; it is a mature and well-established process. However, it comes
with high complexity and high costs. As a result, researchers have been exploring new
nanofabrication approaches and unconventional methods that can provide complementary
benefits in terms of resolution, efficiency, and costs. This has given rise to the research
field of “sub-10 nm fabrication”, where the goal is to develop techniques that can achieve
sub-10 nm feature sizes with improved device performance and a broader working range
and which thereby holds a wide range of applications that require precise positioning
at the nanoscale level. Nanopositioning systems play a crucial role in enabling such
applications by providing the necessary control and accuracy for positioning objects with
sub-10 nm precision.

In this paper, we present a novel long-stroke nanopositioning stage based on a multi-
axis direct drive topology which is intended to serve as a positioning platform for sub-10 nm
applications. By providing a large range of motion while maintaining high precision, this
long-stroke nanopositioning system (NPS6D200) offers researchers the capabilities they
need to push the boundaries of sub-10 nm fabrication and explore new possibilities in
various emerging applications. The objective of this paper is to provide a comprehensive
overview of the nanopositioning system and its capabilities for sub-10 nm applications.
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This covers the technical specifications, the functional subsystems, underlying principles,
key components utilized, as well as the positioning performance in closed loop control.
Following the introduction, Section 2 presents the state of the art in the field of nanoposi-
tioning devices. Section 3 and its subsections describe the general stage concept, the key
characteristics of the realized device and give insights into the planar and vertical drive as
well as into the control system. Subsequently Section 4 presents the achieved positioning
performance for different motion tasks and in Section 5 conclusions and the outlook to
future research activities with this setup are given.

2. State of the Art

Ongoing international research investigates the realization of nanopositioning devices
for high-precision measurement machines as well as for sub-10 nm fabrication solutions.
In such applications, the high-precision positioning stages are applied to move the sam-
ple with respect to the tool, and they must provide nanometer stability and sensitivity.
Refs. [4-12] describe research work and realized machines for small operating ranges.
However, in the context of this paper, we focus on the challenges of long-range nanoposi-
tioning and understand “long range” to mean stages with a planar travel range of at least
50mm x 50 mm. Despite the large dimensions, these positioning systems are required to
allow for deterministic and reproducible step and trajectory movement at the nanometer
scale. Thereby, the basic stage architecture plays a crucial role in obtaining the necessary
controllability and thus achieving single-digit nanometer servo errors in closed-loop control.
Among others, this is one important aspect covered by the set of general design principles
for precision engineering solutions [13-16].

Due to the varying requirements and boundary conditions, a variety of long-range
nanopositioning stage concepts can be found in literature [17-25]. To achieve multiaxial
motion, many solutions provide parallel kinematics with a combination of linear Lorentz
actuation and linear roller or air guidings, respectively. The wedge-type approach in [22],
the NanoCMM [21] and the high-precision 3D CMM [20] are exemplary for this and
illustrate the efforts to avoid the serial kinematics of stacked linear axes and to comply with
the mentioned design principles. Towards this end, the integrated direct drive approach,
where the xy-driving forces directly act on the moving part [26]; shows distinct advantages,
especially in combination with a planar air guiding of the moving part. While this approach
is in focus of our own research work [27,28], Toralba [17], and Chung [24] also describe
long-range nanopositioning solutions based on this approach. At TU Ilmenau, as a follow-
up of the classical stacked approach for a small range in the NMM-1 [29,30], the long-range
machine NPMM-200 was developed [31], which also applies a planar direct drive, here in
combination with stacked linear roller guidings. While these contributions demonstrate the
suitability of such machines to measure 3D objects with the highest precision, [32-34] show
how the machines can be utilized to develop and investigate novel solutions in sub-10 nm
fabrication research.

The nanofabrication machine (NFM-100) was developed by combining the research
activities of IMMS, TU Ilmenau, and SIOS GmbH and [35-37] illustrate the positioning
capabilities of the contained planar direct drive as well as the beneficial combination with a
cantilever based probing system. Where the NFM-100 provides a pure planar positioning
in 2100 mm, the “Integrated Planar 6-DOF Nanopositioning System” [38] represents a first
demonstrator solution to implement vertical actuation in combination with such a directly
driven planar stage for a motion range of 2100 mm x 10mm (planar x vertical). In subse-
quent research work we developed the NPS6D200 for a travel range of 2200 mm X 25 mm,
which is the subject of this paper.

3. Setup and Subsystems of the 6D Nanopositioning System
3.1. Stage Concept

The stage architecture of the NPS6D200 is based on the concept of an integrated
planar direct drive for the long-range lateral positioning as it has been realized in earlier
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developments, see [28]. The main idea for the new development of the NPS6D200 is to
extend this concept towards a vertical actuation in a macroscopic travel range with active
control of all six degrees of freedom (DOFs). The integration of a high precision vertical
actuation thereby leads to enhanced functional capabilities of the machine:

*  Compensate guiding deviations in z, ¢x, @y;

*  Compensate vertical shift at tilted probes;

*  Measure 3D objects, tilted surfaces and macroscopic step heights;

*  Enable applications that require vertical displacements, e.g. focus height variations in
interferometry, contour following mode in atomic force microscopy

*  Enable load/unload of the measurement object without having to remove the tool

In principle, the planar direct drive architecture is well suited to be enhanced by
vertical actuation because of the planar arrangement of the drive components. Coils and
magnets each are located in horizontal planes so that the slider is free to move vertically.
Moreover, compared to a stacked axis arrangement the vertical actuation here can be
implemented directly between the stator and the moving part. In this way;, it is possible to
maintain the advantages of the direct drive principle by continuing to have all actuation
forces acting directly on the same body. This body is the so-called slider, and its movement is
controlled in six DOFs. The displacements in x, y, z are available for large-scale movements,
whereas the rotational DOFs are regulated to zero.

The schematic explosion illustration in Figure 1 shows the system composition and the
main components. The slider, as the moving part of the 6D drive system, also carries the
reflectors for the 6D feedback system so that these two central functions are incorporated
in one and the same solid and rigid body. All drive forces act directly on this very body
without any additional transfer elements. The result is a high stiffness in the actuation
chain, which means in the mechanical path from the point of force application to the point
where the displacement is measured. This high stiffness is linked to a good controllability.
It allows for tuning the controller to higher bandwiths with robust phase margins and
thereby enables better disturbance rejection and servo errors only at nanometer scale in
closed loop control. The whole system follows a triangular configuration, which applies to
the arrangement of the planar drive components and the laser interferometers (U, V, W) as
planar feedback systems. This configuration also leads to a triangular slider shape with
three-point support against the granite stator. These support points are formed by lifting
modules (LAU25) which contain the vertical actuation as well as the aerostatic guiding both
for the planar and the vertical slider motion. In combination, the three LAU25 represent the
vertical drive system to address the z, ¢, ¢, DOFs of the slider. Parallel to this, a planar
direct drive system consisting of magnet arrays at the slider and encapsulated flat coils in
the stator generates the required horizontal driving forces to control x, y, and ¢,. Figure 2
shows a photograph of the NPS6D200, which in summary has the following key features:

*  Nanopositioning platform for 2200 mm x 25 mm operating range;

*  Multiaxial direct drive system with contactless force application to the moving part;
*  Pneumatic weight force compensation;

e  Frictionless aerostatic guiding;

*  High resolution 6D measurement of the slider position;

* 6D closed loop control;

¢ Scalable design approach;

*  Open architecture to implement different applications and sensor tools.
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Figure 1. NPS6D200 main components and general arrangement.

Figure 2. Photograph of NPS6D200 long range nanopositioning stage. Components: 1—slider with
reflectors. 2—magnets of the planar direct drive (moving with the slider). 3—coils of the planar direct
drive (encapsulated) 4—laser interferometer. 5—granite portal with probe mount interface. 6—laser
interferometer. 7—lifting module LAU25. 8—granite base.

In addition, Table 1 summarizes the key parameters of the realized drive system.

Table 1. Key parameters of the positioning system.

Parameter Value
xy-operating range 2 200 mm

z-operating range 25mm
planar velocity ! 50mms—!

vertical velocity 2mms~!

acceleration 250 mms 2

moving mass 36kg

payload 5kg
overall dimensions (W x L x H) 1115 mm x 980mm x 980 mm

1 This is the current maximum velocity setting. It may be increased if required.

The 6D feedback system comprises four ultra-stable differential interferometers (DI)
from SIOS GmbH ([39]) in an arrangement where the measurement beam paths intersect in
one point so that it is virtually free of Abbe errors. Interferometers U, V, and W measure



Appl. Sci. 2024, 14, 6972

50f 16

the planar motion of the slider in x, y, ¢,. Note that interferometer U has both beam paths
of the DI that lead to the moving reflector, so it directly measures the yaw angle. The pitch
between the two beams here is Al = 14 mm. Together with the distance readings from V
and W the coordinate transformation as given in Equation (1) results in x, y and ¢, position
of the slider. The vertical DOFs are addressed by the z interferometer and an autocollimator
2D angle sensor (¢x, ¢y) which both look at the reflector on the slider’s underside. With
measurement resolutions as listed in Table 2, this feedback system provides very high
sensitivity for all six DOFs and thus forms another important prerequisite for achieving
servo errors at the nanometer level with the NPS6D200.

X @ —@ 0 A%
y]=3% 3 oW 1)
@z 0 o L4/ \U

The fact that all six DOFs are controlled in closed loop ensures that the machine accuracy
is independent of manufacturing tolerances or flatness deviations in the guiding system.
Even in the rotational degrees of freedom, the position of the slider is not left to passive
guidance and its deviations, but is regulated based on the 6D feedback system. This allows
disturbances in these DOFs to be compensated, achieving higher positioning accuracy
where only the mirror surfaces of the slider define the metrology.

Table 2. Measurement resolutions of the feedback system.

Parameter Value
displacement measurement resolution V, W, Z 20 pm
resulting feedback resolution x 17 pm
resulting feedback resolution y 10 pm
angular resolution ¢, l.4nrad
angular resolution ¢x, ¢y 40nrad

3.2. Planar Drive System with Aerostatic Guiding

The integrated direct drive to control the planar motion is formed by a 120° arrange-
ment of three linear actuators (A, B, C), each consisting of stationary flat coils and a magnet
array fixed to the slider. This is illustrated in Figure 3. At each of the actuators, the force
is generated as a Lorentz force between the coils and magnets, and the phase currents in
the two coils are subject to a position-dependent commutation law to have the resulting
force mainly horizontal and to minimize the parasitic vertical force components. The three
forces of A, B, and C combine to the resulting driving forces in the xy plane (Fy, Fy) and
the driving torque to control ¢,, respectively. According to the 120° arrangement, this
transformation reads as per

F _% _% Fa
Fpol=1o0o ¥ —3||F| )
Mq)z e IF e Fc

Table 3 lists the actuator constants of the individual drive units and the resulting planar
motor, respectively.

Table 3. Key actuation parameters of the integrated planar direct drive.

Parameter Value
linear actuator force constant 6.0NA"L
linear actuator motor constant 3.8N/VvW

planar drive motor constant 46N/ VW
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LAU with
planar gquiding
drive unit A

Figure 3. Components of the planar direct drive and their arrangement. Note: The top part of the coil
encapsulation is not shown for visibility of drive coils.

The slider’s planar motion is guided by three planar air-bearing pads, each at the
bottom of a lifting module. The reflectors are bonded directly to the slider and both are
made of quartz glass to minimize susceptibility to thermal disturbances. For the same
reason, the drive coils are encapsulated in a stainless steel housing with flat tempering
channels on top and beneath the coils. Hence, this coil housing allows precise control
of the temperature of the coil assemblies via a water cycle and a thermostat. Table 3
contains the main characteristics of the planar drive in the nominal state at the bottom
of the 25 mm vertical working range. When the slider is lifted, the air gap between the
coils and magnets increases beyond the nominal state, and the conditions for generating
the planar drive forces change. The main effect here is a decrease in the efficiency of force
generation, expressed by a decrease in the force constant of the actuators. Based on prior
FEM simulations, a drop of approximately 50% was expected for a vertical displacement
up to 10mm. In view of this and with the desired vertical displacement of up to 25 mm,
a coil lift functionality was developed and integrated into the stage design. The coil lift
system displaces the star-shaped common base of the drive coil assemblies according to
the slider’s z position so that the air gap between the coils and magnets remains close
to the nominal level and the conditions for the generation of the planar driving forces
do not change significantly with the sliders elevation. Thereby, the tracking motion of
the coil lift system does not have to be highly precise because the air gap tolerates minor
height variations. The primary design challenge here is ensure adequate lateral stiffness to
accomodate the reaction forces at the coils. This is solved by means of an aerostatic guiding
for the moving part which was developed together with AeroLas GmbH. With the whole
system in operation, the drop in force constant was investigated in situ, and the results are
contained in Figure 4 together with the corresponding increase in the coil currents and the
closed loop servo error. The results confirm the expectations and indicate that the RMS
servo error is not significantly affected by a levitation level of up to 6 mm. At this levitation
height, the remaining force constant of the planar drive is approximately % of the nominal
value. However, we conclude from these investigations that up to a vertical displacement
of approximately 6 mm, the planar drive system does not experience substantial loss in
performance and can be utilized even without repositioning the coils.
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Figure 4. Measured effects on the planar drive system due to lifting of the slider (coils remain at
initial height). (black) —force constant of the linear actuators. (blue)—servo error (RMS) in x (solid)
and y (dashed). (red)—required controller current (RMS) in x (solid) and y (dashed).

3.3. Vertical Drive System with Aerostatic Guiding and Weight Force Compensation

The precise vertical displacement of the quartz slider is accomplished by the combined
operation of three lifting modules (LAU25) that are located at the corner points. Besides
the pure translation in z, this also includes the rotational DOFs ¢, and ¢y. The three
modules are identical, and their development for the implementation in the NPS6D200
follows the same approach as earlier realizations for 10 mm vertical stroke as described
in [38,40]. Thereby, an individual lifting module integrates multiple functions into a
compact mechanical design. These functions are listed in Table 4 together with the chosen
technical realization in the current design.

Table 4. Lifting module subfunctions.

Function Description Design Choice

generation of vertical driving
dynamic actuation force with high sensitivity and : )
high bandwidth moving coil

voice coil actuator,

generation of vertical driving

quasistatic actuation force with high sensitivity and pneumatic actuator with
low bandwidth contactless sealing
planar guiding frictionless support of the planar air bearing pad

moving body

frictionless internal guiding

for 25 mm vertical stroke cylindrical air bushing

vertical guiding

displacement internal measurement of the optical encoder with
measurement LAU displacement linear scale

Figure 5a illustrates a sectional view of the developed lifting modules where the design
implementation of these functions is shown. The cylindrical shape of both the actuators
(voice coil and pneumatic) and the guidings (planar and vertical) facilitates a compact
concentric arrangement built around the central cylindrical linear guiding. The guided
piston is, at the same time, part of the pneumatic actuator that arises from the pressurized
chamber below the piston. By precisely controlling the pressure in this chamber, the
static weight of the moving body is carried out without substantial heat generation. It is
important to note that the sealing of this chamber is designed as a gap-sealing between the
precisely manufactured surfaces of the air bushing and thus works without mechanical
contact of the parts. In this way, disturbance forces and friction effects are avoided. Ring
grooves separate the air bushing from the sealing gap and drain the exhaust air so that
it does not leak into the surrounding area. By this means, the thermal disturbance to the
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overall system originating from the pneumatic components in the LAU is minimized. The
voice coil works parallel to the pneumatic actuator, and its specific tailored design makes
optimal use of the available design space. This Lorentz actuator is intended to generate
only a dynamic force and, consequently, operate with zero DC current to minimize the
power loss in the coil. In addition to these core components, an auxiliary linear feedback
system is provided so that during initialization, an individual operation of each LAU is
possible based on this feedback. Table 5 summarizes the characteristics of the LAU25
lifting modules.

(a) LAU25 sectional view (b) LAU25 mounted to the slider
Figure 5. Lifting and actuation module LAU25. 1—Air bushing as vertical guiding. 2—Pressure cham-

ber of pneumatic weight force compensation. 3—Moving part (mounted to the slider). 4—Encoder
measurement system. 5—Voice coil actuator, iron core. 6—Voice coil actuator, coil part (moving).
7—planar air bearing.

Table 5. Key parameters of the lifting module LAU25.

Subsystem Parameter Value
z—stroke 25 mm
mechanics mass moving part 0.7kg
mass stationary part 1.7kg
size (gD xH) 283 mm x 90 mm
force constant 99INA"!
voice coil actuator motor constant 14.0N/VW
maximum current 1.3A
current increment (LSB) 0.04 mA
-1
pneumatic actuator force.' constant 80.4 N bar
maximum pressure 2.0bar
pressure increment (LSB) 0.06 mbar
. .1 supply pressure 4.0bar
aerostatic guiding supply air flow 1.9NLPM
drain air flow 1.7NLPM
encoder feedback system scale pitch 256 pm
measurement resolution 4pm

3.4. Control System

The standard structure of the control system is shown in Figure 6. The core of the
control hardware is a dSpace Scalexio rapid control prototyping system [41] where the
control algorithm runs as a real-time task with 10 kHz sample frequency. The controller
task collects the 6D feedback signals via analog and digital inputs and calculates new target
values for the different actuators based on the developed control law. The command values
are the current and pneumatic pressure setpoints for the previously described planar and
vertical actuators. An intermediate layer of control hardware, namely linear analog current
amplifiers and high-precision pressure controllers, converts these command values into
actual physical quantities—coil currents and pneumatic pressures—that are applied to the
actuators in the motion stage.
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Figure 6. Basic control structure of the NPS6D200. Signals with subscript (-), and (-), indicate planar
and vertical quantities, respectively. Signals with superscript (-)* refer command values.

Figure 7 illustrates an individual axis’s closed-loop block diagram. We developed
six control laws for the motion controller, one for each axis, based on the classical PID
approach, which is commonly used for this class of nanopositioning systems [42,43]. A set
of filters then extends the aforementioned approach to attenuate disturbing resonances
in the high-frequency band and, consequently, reduce positioning errors. The standard
single-input single-output PID controller with dirty derivative in time-domain reads

0a(t) = g [ va()dr+gyelt)

3)
t
welt) = Ko (3e0) 4 K [ ve(0) K vat)),
or equivalently in the Laplace domain
_ue(s) & wys
6els) = 20—y (14 +1<D(Swd , @

constitutes a proper (implementable) transfer function where K;, K;, K are positive
constants. The controller parameters (Kp, K;, Kpp) and cut-off frequency w; of the dirty
derivative are tuned independently for every axis featuring sufficiently robust stability, i.e.,
broad bandwidths, gain margins, and phase margins. Nevertheless, the performance of
the proposed controller (4) is limited by the resonance modes in the high-frequency band.
Thereby, each controller additionally includes a series connection of notch filters with low-
pass filters to counteract these disturbing resonances. The band-stop and cut-off frequencies
are adequately selected to attenuate specific resonances in the high-frequency band.

Figure 8 shows the measured bode response of a single axis together with the open
loop frequency response for the x axis. The loop shape (Figure 8b) features remarkably
robust stability margins, as was expected from the stage design. Although not shown here,
the tuning procedure for the remaining motion axes is devised in an analogous manner
using the measured frequency response, see Table 6.
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Figure 8. Bode response of the x-axis.

Table 6. Robustness and performance parameters for all six closed loops.

Specifications x-axis y-axis @--axis z-axis @y-axis @y-axis
Gain margin 11.5dB 11.8dB 16.1dB 14.7dB 15.4dB 15.2dB
Phase margin 39.1° 37.5° 41.8° 39.5° 40.6° 40.9°

Bandwidth 85.5Hz 88.4Hz 72.8Hz 95.1Hz 76.7Hz 752Hz

Despite the exceptional performance of the presented PID-type controller (see Section 4),
it is inherently limited to counteract simple disturbances and is quite sensitive to time-
varying perturbations. However, further investigations on this topic have been reported
in the literature [44—47] to cope with external waveform disturbances and parametric
perturbations. Due to the fact that rapid disturbance rejection and guaranteed robustness
are beyond the scope of this manuscript, the interested reader may refer to [48-50] and
references therein to complement the discussion.

4. Positioning Characteristics in 6D Closed Loop Control

With the stage mechanics and control system as described in the previous chapters, the
NPS6D200 was put into operation and now operates as a nanopositioning platform ready
for the implementation of versatile tools or probes, depending on the advised application.
Toward this end, it is important to investigate the positioning capabilities in order to assess
the suitability for a specific task. In this chapter, we give an overview of the positioning
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scenarios that were considered and the respective positioning performance that is achieved
with the NPS6D200.

The first important characteristic is the remaining servo error at a constant setpoint.
Figure 9 shows the time signals of the six DOFs measured with the internal feedback system
with the stage fully activated and at a constant setpoint in the center of the travel range. At
this point, the conceptual benefits mentioned above pay off, and a remaining RMS servo
error below 1 nm for x, y, and z is achieved with the developed controller.

4 ‘ ‘ ‘ ‘ 0.1
. ol 005
g =
20 -0
S af %005
4 ‘ ‘ ‘ | 0.1
0o 2 4 6 8 10

) 2 4 6 8 10 0 2 4 6 8 10

Figure 9. Position time series in closed loop control at constant setpoint. RMS servo error: e, =0.47 nm,
ey =0.68nm, e; =0.41nm, e, =11.21m”", eg, =9.83 m”, ey, =3.03m”.

When the slider changes its position within the planar and vertical travel range, the
mechanical conditions of the force transfer change, and accordingly, a change in control behavior
is expected. In corresponding investigations, we find that the servo errors vary slightly within
the lateral travel range of 200 mm, but nonetheless, they remain in the range below 1.5nm
(RMS), as depicted in Figure 10. Also, concerning the vertical slider position, only a minor
servo error variation below 1 nm is observed, as shown in Figure 11. This performance in static
setpoint operation opens the path for deterministic motion at the nanometer level, which is
demonstrated by the illustrative staircase exercise shown in Figure 12.
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Figure 10. RMS servo error variation within planar travel range.
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Figure 11. RMS servo error variation within vertical travel range measured at (x,y) = (0,0)mm
(blue) — ey, (red) — ey, (black) — e;.

Figure 12. Nanometer staircase exercise in x-, y- and z-direction (from left to right). (blue)—raw data
traced with 10 kHz, (red)—filtered data (4th order Chebyshev low pass, 40 Hz cutoff frequency).

In a second set of experiments the tracking performance was evaluated by means of
3D positioning exercises that require simultaneous and synchronized movements in the
different axes. Such exercises reveal remaining parasitic cross-coupling effects between
the DOFs and are well suited as a performance test for complex 3D motion paths. To
analyze the occurence and extend of these effects we execute a stage movement along a
helix with varying dimensions from the nanometer (g40nm x 20nm) to the millimeter
(#40mm x 5mm) range. The stage velocity is adapted accordingly and ranges from
7nms~! up to 7mms~!. Together with the tracking errors, the control effort and the
power loss in the actuators are analyzed because of their great importance for any future
application scenario. Exemplarily, Figure 13 shows the result of positioning a helix with
#40nm and a path velocity of 7nms~! while Table 7 summarizes the achieved tracking
errors and current consumptions connected to the different helix positioning exercises. As
can be seen from the table, we obtained servo errors in the low nanometer range together
with currents in the range of only milliamperes. From that we conclude that only very little
parasitic effects occur as a benefit of the stage design, the weight force compensation, and
the consequent application of aerostatic guiding. Furthermore, the developed controller
can handle the remaining disturbances quite well, which is a consequence of the its design
and the achieved stability margins, as given in Table 6. For a more detailed view into the
controller design towards decoupling and disturbance rejection the reader may refer to [47].

These positioning characteristics are already very promising and show the suitability of
the NPS6D200 for nanopositioning tasks in large 3D operating ranges. They provide a basis
for further detailed investigations for example towards reproducibility and measurement
uncertainty, in combination with adequate probing systems.
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Figure 13. 3D motion exercise with a 240 nm helix. (left)—plot of the 3D position signals. (right)—
servo error time series in the 6 DOFs during trajectory motion.

Table 7. Summarized results of helix trajectory tracking exercises.

Commanded RMS Servo Errors RMS Currents RMS Currents
Helix Path (Planar Coils) (Lifting Modules)
ey = 0.71nm in = 639mA ip = 0.5mA
240nmx 20 nm !
7 1 ey = 0.88nm i = 27.28 mA ip =051 mA
v =/nms e, = 0.39nm ic =11.04mA i3 = 046 mA
ey = 2.36nm in =6.61mA ip = 0.5mA
Q‘”‘Eymx 0 pm ey = 2.66nm ig = 27.41 mA i» = 0.51 mA
U =/pms e, = 049nm ic =11.29mA iy = 0.46 mA
Z40mmx 5mm ey = 0.93nm ipn = 50.32mA i; = 5.15mA
v =7mms1 ey = 1.66nm ip = 74.71mA ip = 5.71mA
e; = 0.67nm ic = 67.45mA i3 = 4.56 mA

5. Conclusions and Outlook

The developed long-range nanopositioning system NPS6D200 follows a comprehen-
sive design approach that focuses on direct force application in combination with aerostatic
guiding and laser interferometer feedback. The analysis of the system’s positioning ca-
pabilities confirms the design approach and shows that within the operating range of
2200mm x 25mm positioning with nanometer stability and sensitivity is attained. The
system’s main limitation is the lack of active angular positioning within the rotational
DOFs and, thus, no possible stage slider inclination. The NPS6D200 positioning system
obtains servo errors in the low-nanometer range both in constant setpoint operation and in
synchronized multiaxial motion. This is achieved in a large operating range and along with
very low heat emission and minimized disturbance introduction into the measurement
volume. With this combination, the NPS6D200 is well suited as a positioning platform
for nanotechnology research applications that on the one hand require such precise and
deterministic position control between tool and substrate up to wafer-size and that on
the other hand rely on minimized disturbance entry into the area of interaction. Such
applications are for example wafer-based inspection, long-range atomic force microscopy
scans, and sub-10 nm nanofabrication techniques, to name but a few.

In general the architecture approach is scalable and realisations with larger operating
ranges are possible. Regarding the planar operation range, the slider size would increase
accordingly and this needs to be addressed by a lightweight design of the slider in order
to reduce the moving mass and maintain sufficiently high eigenfrequencies. The vertical
movement is based on the lifting modules (LAUs) and the coil-lift functionality and a
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redesign of both subsystem to a larger vertical stroke is feasible. Based on the achieved
performance in 25 mm, a similar positioning performance in sub-10 nm range can be
expected also for larger vertical positioning ranges.

Oncoming research will focus on analyzing and reducing the remaining error sources
and position-dependent effects to further improve the positioning characteristics. Parallel
to that, current research already investigates the integration of probing and manipulation
systems to further extend the performance analysis to entire application scenarios and to
complement the NPS6D200 into a fully functional nanofabrication tool.
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