21k A Jese R TR Vol. 21 No. 4
2013 4 4 A Optics and Precision Engineering Apr. 2013

NXERE 1004-924X(2013)04-0919-08

MmABEM R A REBEEIZIT

Sergej Fatikow'?" , Volkmar Eichhorn', Claas Diederichs®
(LEREEAY BNEAFEHIRR (AMIR), £H EREE;
2.OFFISERHEAHAZK I, £E EREE)

B AEGURBOR FGUR A RHGUE L DO BN 28 N T 2 — Bl H T3 B Rl VR R B 9K 8 A AR R AR . X 284k
PRYAL AR NS R AE R AU B 9K 2500 5 BB A 9 IR 2 v ke B v RO R 0 SV PR M e N R B . An A ik b
FRVEGU KA T Y B Bk B A F R IR TS0 i s ], 67 20 H T Dol S, AR SCER IR T 9K R ME AL 48 A /Y
FEA AR R BE RN H BN Ak A5 T ARG SRR R R L R BERIT TR R R 2SR 0 B U SR AR BT R
X B W ARBEF HARNBEA AR BRARERTHEHRE
FESES . TP241.2 XERHRIRAD : A doi: 10. 3788/0OPE. 20132104. 0919

Nanorobotics and automation
FATIKOW Sergej'* , EICHHORN Volkmar', DIEDERICHS Claas®

(1. University of Oldenburg, Division Microrobotics and Control Engineering (AMiR), Germany;
2. OFFIS - Institute for Information Technology, Oldenburg, Germany)
% Corresponding author, E-mail ; fatikow(@ uni-oldenburg. de

Abstract; Nanohandling robots have become an enabling technology for analysis and prototyping in the
field of nanotechnology and nanomaterials. Nanorobotic pick-and-place operations facilitate the flexi-
ble integration of individual nanostructures into existing micro devices increasing their overall per-
formance and sensitivity. The automation of this so-called robotic micro-nano-integration is required to
establish the technology not only in research labs, but also in industrial areas. In this paper, basic
technologies for the development, integration and automation of nanohandling robots are presented.
In addition, special handling strategies for the assembly of different kinds of Atomic Force Microscope
(AFM) supertips are discussed.
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(CNTs) and other nanowires have become of
1 Introduction significant interest for both the research commu-
nity and industrial applications. In order to char-

Nanoobjects such as Carbon Nano Tubes acterize these structures and in order to build
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nanocomponent-based devices, nanorobotic sys-
tems have been successfully applied®™*. For
simplicity, such systems are called nanohandling
robots or nanorobots throughout this paper as
they can move and manipulate objects with nano-
meter precision. The size of the nanorobots
themselves however is a few cm®. Sensory feed-
back is a major challenge on the way to high
throughput industrial application, as the exact
relative position of tools and nanoobjects is hard
to measure. In this paper, an overview on robot
based nanohandling automation on the nanoscale
is given. In section 2, the state of the art tech-
nologies of mobile robots and in section 3, appli-
cations of robot-based nanohandling are presen-

ted. Finally, the paper is concluded in section 4.

2 Automated Nanorobots

Mobile robots for nanohandling can be used as
flexible key components for conducting a variety
of nanohandling tasks such as the manipulation
of specimen. Key applications include the han-
dling of Carbon Nano Tubes (CNTs)™, biologi-

6

cal cell investigation™™ and the positioning of me-

trology tools™. In comparison to stationary ro-
botics, which mostly consists of linear actuators
combined to systems with Cartesian Degrees of
Freedom (DoF), mobile robots offer several
benefits. They combine multiple degrees of free-
dom in a compact design; have a theoretically
unlimited working range and virtually no infra-
structure requirements. A mobile robot can be
easily integrated into practically any handling
setup by simply providing a flat operating sur-
face. Their compact design makes it easily possi-
ble to use mobile robots inside the vacuum cham-
ber of a Scanning Electron Microscope (SEM) or
under a light microscope.

As the current mobile robots (shown in
Fig. 1, top) do not feature internal position sen-
sors, their position needs to be determined by

external sensors. Cameras or microscopes with

suitable tracking algorithms are commonly used
as external sensors. If such imaging devices are
employed as feedback sensors in a control loop,
the closed-loop positioning is also called visual
servoing. For micro- and nanorobotics, two ima-
ging systems are usually combined for positio-
ning. Cameras are used to determine the position
coarsely by tracking macro-features of the robot,
e. g. LEDs mounted to the robot. With such
cameras, the end-effector of the robot can be
moved into the working range of the employed
microscope system. This system can then track
the end-effector’s position with high resolution

and facilitate fine positioning.

eBeam control [\

SEM and acq|uisition

m—

\j Line scanner ’QAN

Control Units

movement
data commands
Fig.1 Top: Picture of a mobile robot with four de-
grees of freedom (x, y, 2, ¢). The robot has a
size of 20 mmX 23 mm>< 15 mm and a mass of
40 g. It can carry different tools, e. g. micro-
or nanogrippers. Bottom: Example setup of a
nanohandling cell with multiple mobile robots
in a scanning electron microscope chamber.
The robot has a camera-based tracking as
coarse-positioning unit. The fine positioning
is done using a special developed algorithm
that controls the electron beam for high-speed

tracking.

There are suitable sensor systems that can

be used for highly efficient visual servoing for
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both coarse and fine positioning (see Fig. 1, bot-

Y, implemented the visual servoing control

tom
loop for coarse positioning of a mobile robot in
an embedded control system. With the embed-
ded control system, a sensor update rate =>100
Hz could be used with a low and predictable la-
tency. Thus, the downsides of visual servoing
executed using computer-based image processing
are de facto eliminated. A similar position track-
ing and visual servoing is in the process of being
applied to the end-effector tracking under optical
microscopes. In scanning electron microscopes,
the end-effector tracking can also be done quick-
ly and predictably using line scan-based track-
ingt,

The crucial steps during visual servoing are
image acquisition and image processing. Image
acquisition requires a camera to read all pixel
sensors and transfer the obtained data into the
memory of a computer. The computer then per-
forms image processing operations to calculate
the pose information of the tracked robot. Both
operations consume a considerable amount of
time leading to latency in the control loop. Fur-
thermore, if the involved computers and commu-
nication protocols are not real-time capable,
there is an unpredictable jitter on the update
rate. Lastly, due to the amount of transferred
data and the required processing time, there is a
limit on the achievable update rate of such a sys-
tem. This is a severe limitation, especially for
high-speed cameras that can deliver more than 50
images per second.

The robot features two infrared LEDs
mounted at its bottom (see Fig. 2). The two in-
frared LEDs are observed by a CMOS camera
leading to two bright regions. The robot’s posi-
tion can be extracted precisely by calculating the
weighted center of gravity of the two LED re-
gions. In[10], the LED regions are detected u-
sing a flood-fill algorithm. This is a so called of-
fline algorithm which requires the entire image

to be available in memory. Instead, for the

hardware implementation, a stream algorithm is
used that processes each pixel directly after re-

U121 The algorithm can

ception from the camera
track the robot with predictable latency virtually
jitter-free. It has a positioning accuracy below 2

pm and a working range of 80 mm X120 mm.

10 mm

(a) Image acquired by the coarse positioning camera

10 mm

(b) Picture of the robot’s bottom side

Fig. 2 Robot features

Efficient SEM-based control is not possible

processingt'?,

using  software-based image
Thus, a novel position tracking approach is used
that can determine the position of an object with
high precision using only a number of line scans
(see Fig. 3).

tracking in x. y and rotation was shown with an

In [13], a successful position

update rate of up to 1 kHz and resolutions down
to less than 5 nm.

For the control of the robot, rotational po-
sition tracking is not necessary on the small
scale. If the robot moves only a few microme-
ters, the rotational deviation is entirely negli-
gible. If the robot needs to be brought to the
working area from another angle, the rotation it-
self has to be done via coarse positioning and

coarse position sensing as also lateral movement
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of several mm or even cm is required. Thus, a
simplified pattern, i. e. a single point-shaped
pattern, can be used. Such a pattern can easily
be created using electron beam-induced deposi-
tion"",

As the same mobile robot is controlled by
visual servoing based on different sensor sys-
tem, however, the robot's controller does not in-
itially know the characteristics and configuration
of the sensor. The characteristics include static
properties such as orientation, scale and resolu-
tion as well as dynamic properties such as update
rate and latency. All of these characteristics are

important control parameters when designing a

controller for high-speed positioning ™.

Electron beam Rapid beam Target pattern New pattern position

path movement

Fig. 3 Basic approach of the line tracking presented
in [13]. Instead of acquiring a full SEM im-
age, only two lines are scanned over a known
pattern. The movement in x and y direction
can be calculated from the offset of the pat-

tern in consecutive images.

The effortless integration of a mobile robot
into a micro- or nanorobotic setup can be extend-
ed to visual servoing and thus automation by
means of an automated self-characterization and
auto-configuration sequence. Key properties of
the sensor and the motion behavior of the robot
can be determined automatically and with a high
resolution. Sensor properties include orienta-
tion, scale update rate and latency. Determining
these properties is crucial to implement high-
speed visual servoing as described by [12]. With
the described approaches, microrobots can be

employed and automated in handling cells in a

plug-and-play-like fashion'™.

3 Nanorobotic Applications

The above described automated nanorobots can
be applied in different areas. Industries in micro-
and nanotechnology produce devices that are
supposed to have well-defined properties in order
to guarantee their performance. To achieve and
keep these properties, various metrology steps
for process control are required and especially
measurements at critical dimensions become
more and more important. For example, the
production and development of integrated pho-
tonic devices with optical waveguides and com-
plex photonic systems are crucial tasks in micro-
and nanosystem technology.

Atomic Force Microscopy ( AFM) has be-
come a standard and widely spread instrument in
industry and research for the characterization of
such nanoscale devices due to its unique ability
to analyze nanomaterials in ambient, liquid., and
vacuum environments. The quality of informa-
tion strongly depends on the size and shape of
the atomic force microscope probes used. Com-
mercially available AFM probes are usually made
of micro-machined silicon or silicon nitride canti-
levers with integrated pyramidal tips. Such
AFM probes have a typical tip radius of about 10
nm and a typical cone angle of 30°. This large
cone angle limits the usability of the tips in ima-
ging deep and narrow structures. Super sharp
silicon tips with radii of 5 nm and cone angles of
10° are available. However, their mechanical
stability is limited and they are quickly worn
down due to brittleness of the sharp silicon tip.
In general, conventional AFM probes are unable
to penetrate high aspect ratio structures, to tou-
ch every point on the sample surface and to ex-
actly profile surfaces with a complex topogra-
phy, which contributes significantly to the dis-
tortion of AFM images.

Several works have shown that the refine-
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ment or decoration of AFM probe tips can im-
prove the imaging quality., especially with re-
spect to the aspect-ratio, by orders of magni-

Le-18]  For this reason, one-dimensional

[19]

tudes

nanomaterials such as carbon nanotubes and

(201 made of different materials are used

nanowires
as ultra-sharp tips for AFM probes?!. In addi-
tion, especially fabricated two-dimensional
flakes of silicon nitride, so-called NanoBits are a
promising approach to provide exchangeable and
customizable tips in AFM technology™*.

Various approaches exist to attach CNTs to
the tip of an AFM probe. The first technique de-
veloped by [ 21] uses a polymeric adhesive to at-
tach a bundle of multiwalled carbon nanotubes
(MWCNTSs) to the tip of a silicon AFM probe.
Nanotube probes of various lengths were fabrica-
ted by [23] and [ 24] using a combination of e-
lectrophoresis, robotic nanomanipulation, and
Electron Beam-induced Deposition (EBiD). Di-
electrophoresis was used for rapid and reproduci-
ble fabrication of carbon nanotube AFM probes.
The carbon nanotube AFM probes showed an
angle distribution up to 12° and were used to im-
age an epoxy-based SUS8 negative photoresist
with deep trenches fabricated by photolithogra-
phy™. A novel arc discharge technique for atta-
ching MWCNTs by applying a DC field between
the CNT sample and the AFM probe tip was de-
veloped by [26]. Furthermore, CNTs can be
grown directly onto the AFM probe tip by
Chemical Vapor Deposition (CVD)®. The di-
rect growth of CNT tips by CVD techniques of-
fers the most promising approach for producing
CNT-enhanced AFM probes which by the nature
of the CVD process can be scaled up for mass
productiont*.

NanoBits are a completely new generation of
exchangeable and customizable AFM probes. In
previous work, NanoBits have been prepared by
Electron Beam Lithography (EBL) and standard

silicon processing. In this way, NanoBits could

be produced suspended on a tiny contact and free

lying above the substrate. The dimensions are 2
~5pm long and 120 ~150 nm thick, while the

227

length of the handle is user-definablet®*. In lat-
est work, Focused Ion Beam (FIB) milling is
used for rapid fabrication of custom-made Nano-
Bits AFM tips with a very short turn-around
time. The end-user can then easily prepare own
tips with an application-specific shape in less
than half an hour, without access to a clean-
room*,

However, a reliable direct growth process
for different nanotube length, diameter, and ori-
entation as well as a direct integration of Nano-
Bits is not available yet. Therefore, the automa-
ted nanorobotic assembly of CNT-and NanoBits-
enhanced AFM probes is a versatile alternative
and pre-stage to mass production. In this sec-
tion, different nanorobotic assembly strategies
for CNT-enhanced AFM probes are presented
that can be supported by FIB processing. The
FIB-processing can either be used to support the
nanorobotic pick-and place process itself or to in-
itially fabricate NanoBits and finally to shape and
shorten the CNT-enhanced AFM probes?" facil-
itating the fabrication of AFM probes that are
customized for special applications such as the
imaging of high aspect ratio structures and the
measurement of sidewall roughness. The Inter-
national Technology Roadmap for Semiconduc-
tors (ITRS) identified the metrology of high as-
pect ratio critical dimensions as an important is-
sue in the field of 3D interconnects"!.

Different nanorobotic assembly strategies
have been developed for mounting CNTs and
NanoBits onto AFM probes. A microgripper-
based pick-and-place strategy that only makes
use of the acting gripping and adhesion forces
can be used without the need of additional join-
ing techniques. In addition, EBiD can be applied
to mechanically fix the CNT or NanoBit to the
AFM probe and to overcome the adhesion forces
between gripper jaw and object for the place-

ment. Furthermore, FIB milling can be used to
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create a corresponding connector in the target
AFM probe. For CNTs, this can be a circular
hole in the AFM cantilever while for planar
NanoBits a slit structure can be used to realize a
form closure-based placing process. Fig. 4 shows
SEM images of resulting CNT- and NanoBit-en-
hanced AFM probes that have been manufac-

tured by using the different assembly strategies.

Fig. 4

SEM images of assembled AFM supertips. a)
assembly of CNT-en-
hanced AFM probes using EBiD. b) Form

Microgripper-based

closure-supported assembly of a NanoBit-en-
hanced AFM probe using FIB milling to create
a slit in the AFM cantilever. ¢) Form closure-
supported assembly of a CNT-enhanced AFM
probe using FIB milling to create a circular
hole in the AFM cantilever.

The scale bar in

all images is 10 pm
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