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Abstract

Today, many research and development areas experience a tremendous growth
due to the use of micro- and nanotechnology. Fields like design of integrated cir¬

cuits, biology or medicine benefit from technological achievements and methods

from micro technique. Current research fields also gain profound knowledge
applying new visualization tools that allow a closer look in the nano world.

Together with these new methods for analysis a strong demand to enter not only
passively but actively in the (sub)micrometer regime is heard. Flence, new ways
for manipulation of micro particles are required to form the nano world accord¬

ing to the needs of the application just in hand.

Although nanotechnology offers a lot of possible solutions and methods for a

given application, their usage is sometimes rather complicated and needs detailed

knowledge. Taking this into account, this thesis starts by picking up known con¬

cepts from nanotechnology, robotics and signal processing and bringing them

together in a new concept. The presented sensor-guided nanorobot shows a possi¬
bility to combine information from the micro and macro world with a-priori
knowledge from the user to perform a given task automatically. This task-ori¬

ented working principle offers an easier operation and a faster and more flexible

data acquisition. This is the first step towards systems that can be integrated in a

fully automated environment to work on the small scale.

Design and Control of Sensor-Guided Nanorobots 1



The presented prototype was designed for the analysis of integrated circuits. For

their optimization, data about e.g. the quality of the circuit path or the strength of

the electric field along a transistor are required. The sensor-guided nanorobot can

acquire such information automatically by letting the user define the properties
of the structure under investigation, e.g. its width or the electric potential as well

as the approximate point for starting the analysis. After that, the system searches

for the exact position of the structure of interest and tracks along it. For this pur¬

pose the system uses a tip that is also applied in an atomic force microscope to

gather local information like topography or surface potential. These signals con¬

tain information about the structure. A control loop processes this information in

real-time and decides afterwards where to go next.

Due to the fact that signals from the nano world are sensitive and often noisy

compared to information from the macro world, the already found positions of

the structure are stored and interpolated to a trajectory. Hence, the control loop

gets more stability by considering not only the actual data, but also the past path
trajectory. Further, a video camera is used as additional sensor to guide the local

probe at critical points like bendings or junctions, at which local information

alone often is not sufficient.

The presented concept can be easily expanded and adapted to other applications
due to the modular setup. Another field could be e.g. the automatic search of

micro objects and their picking afterwards. To do this, a new generation of micro

manipulators is presented. The gripper is based on a glass pipette to manipulate
objects with sizes >10 ujii. An integrated distance sensor allows one to measure

the actual spacing between tool tip and environment. With such intelligent tools

on the one hand local properties of the sample can be acquired and on the other

hand manipulations can be performed, too. Complemented with the presented
concept of a sensor-guided nanorobot, this is the first step towards robots that can

build up micro structures automatically.
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Kurzfassung

Viele Forschungs- und Hntwicklungsgebiete erfahren heute durch den Einsatz

von Mikro- und Nanotechnologie einen starken Aufschwung. So profitieren z. B.

Gebiete wie Schaltungsdesign, Biologie oder Medizin heute von Errungenschaf¬
ten und Verfahren aus der Mikrotechnik. Auch aktuelle Forschungsgebiete erzie¬

len vertiefte Erkenntnisse durch den Einsatz von neuen

Visu alisierungsWerkzeugen, die den Blick in die Nanowelt ermöglichen. Mit den

neuen Analysemöglichkeiten wird auch der Wunsch immer stärker, nicht nur pas¬

siv sondern auch aktiv in das Submikrometer Regime einzudringen. Neue Wege
für die Manipulation von kleinen Partikel werden gesucht um die Nanowelt nach

den Bedürfnissen der gerade vorliesenden Anwendung zu gestalten.

Obwohl die Nanotechnolgie für viele Anwendungen mögliche Lösungen und

Methoden zur Verfügung stellt, sind deren Einsatz mitunter noch recht umständ¬

lich und benötigen grosses Fachwissen. Hier setzt diese Arbeit an, indem sie

bestehende Verfahren aus Nanotechnik, Robotik und Signalverarbeitung auf¬

greift und sie in einem neuen Konzept zusanmienführt. Der vorgestellte sensor¬

geführte Nanoroboter zeigt eine Möglichkeit, Informationen aus der Mikro- und

Makroweh mit Benutzervorwissen zu kombinieren, um eine gestellte Aufgabe
automatisch auszuführen. Dieses aufgabenorientierte Funktionsprinzip ermög¬
licht eine einfachere Bedienung und eine schnellere und flexiblere Datenerfas¬

sung. Dies ist ein erster Schritt in Richtung von Systemen, die integriert in eine

vollautomatische Umsebimo; auf dieser kleinen Grössenskala arbeiten können.

Design and Control of Sensor-Guided Nanorobots 3



Der präsentierte Prototyp wurde auf die Analyse von integrierten Schaltungen

ausgerichtet. Für deren Optimierung werden z. B. Daten über die Qualität von

Leiterbahnen oder die elektrische Feldstärke entlang von Transistoren benötigt.

Der sensorgeführte Nanoroboter kann solche Informationen automatisch erfas¬

sen, indem er den Benutzer über die Eigenschaften wie z. B. Breite oder elektri¬

sches Potential der zu untersuchenden Struktur sowie den ungefähren Startpunkt
der Analyse befragt. Danach sucht er automatisch die genaue Position der

gewünschten Struktur und tastet sich ihr entlang. Hierzu verwendet das System
eine Spitze, wie sie auch in Rasterkraftmikroskopen eingesetzt wird, um lokale

Informationen, im vorliegenden Fall Topographie und Oberflächenpotential, zu

messen. Diese Signale beinhalten Anhaltspunkte über die Struktur. Ein Regel¬
kreis weitet diese Informationen in Echtzeit aus und entscheidet dann über das

weitere Fortschreiten.

Da Signale aus der Nanowelt verglichen zu Informationen aus der Makrowelt

sehr störanfällig und oft mit Rauschen behaftet sind, werden die bereits gefunde¬

nen Positionen der Struktur gespeichert und zu einer Trajektorie interpoliert. Der

Regelkreis wird somit stabiler, da er nicht nur die aktuellen Daten zur Entschei¬

dungsfindung verwenden muss, sondern auch auf den früheren Verlauf der Lei¬

terbahn zurückgreifen kann. Ferner wird eine Videokamera als weiterer Sensor

verwendet um die Messsonde an kritischen Stellen wie Knicke oder Verzweigun¬

gen, an denen lokale Informationen alleine oft nicht ausreichen, sicher weiterzu¬

führen.

Das vorgestellte Konzept kann dank des modularen Aufbaues leicht auf andere

Aufgabenstellungen erweitert und angepasst werden. Eine weitere Anwendung
könnte z. B. das automatische Finden von Mikroobjekten und das anschliessende

Greifen sein. Hieran wird eine neue Generation von Mitromanipulator vorge¬

stellt. Der Greifer basiert auf einer Glaspipette um Objekte ab einer Grösse von

10 Jim zu manipulieren. Ein integrierter Distanzsensor erlaubt das Messen des

aktuellen Abstancles zwischen Werkzeugspitze und Umgebung. Mit solchen

intelligenten Werkzeugen kann sowohl auf lokale Probeneigenschaften zugegrif¬
fen werden als auch Manipulationen vorgenommen werden. Kombiniert mit dem

vorgestellten Konzept des sensorgeführten Nanoroboters ist dies ein erster Schritt

in Richtung von Robotern, die automatisch Mikrostrukturen zusammenbauen

können.
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Abbreviations

2D Two-Dimensional

3D Three-Dimen sional

AC Alternating Current

AD Analog-Digital (e.g. AD-converter)

AFM Atomic Force Microscope

AO Analog Output

CCD Charge-Coupled Device

CD Compact Disk

CPU Central Processing Unit

DA Digital-Analog (e.g. DA-converter)

DC Direct Current

DIO Digital Input/Output

DO Digital Output

DOF Degree of Freedom

DSP Digital Signal Processor

Design and Conti ol of Sensor-Guided Nanorobots 5



GUI Graphical User Interface

HEMT High Electron Mobility Transistor

HF High Frequency

HEP Hexafluoropropene

HV High Voltage

IC Integrated Circuit

10 Input/Output

ISA Industry Standard Architecture (PC bus architecture)

MUX Multiplexer

NA Numerical Aperture

PC Personal Computer

PCI Peripheral Components Interface (PC bus architecture)

PE-CVD Plasma Enhanced Chemical Vapor Deposition

PI Proportional-Integral (e.g. Pi-controller)

PIB Polyisobutylene

RMS Root Mean Square

SNOM Scanning Near-Field Optical Microscope

STM Scanning Tunneling Microscope

SPM Scanning Probe Microscope

WD Working Distance
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Introduction

Today's technological development is inspired by the spirit of Richard Feynman
whose vision of a new world at the bottom of our length scale lFeynman59]
founded a whole new science discipline. Nanotechnology tries to reach out for

the small world of molecules and atoms to visualize them, interact with them and

even manipulate them. The reason to do this is clear: with a minimum of energy

and material functional structures should be built that will improve our life. e.g.

small implants that will support blood circulation of cardiac patients or dispense
vital drugs over a long period of time. Whereas micro technology with its silicon-

based methods can supply us with functional devices, new tools arc required to

assemble the micro fabricated parts and to investigate the structures to guarantee

performance and reliability. Hence, systems are needed that can measure infor¬

mation on the nanometer scale and can operate in the nano world.

1.1 Development of Tools for the Nano World

In our macro world, numerous tools are able to manipulate objects. Without

doubt, our hand is the most widely used tool for handling a variety of things.
Robot systems try to imitate this powerful tool to perform automated tasks.

Approaching the nano scale, one could think of miniaturizing such manipulators
to get useful tools for the micro world. This top-down strategy (fig. 1.1) has been

Design and Control of Sensor-Guidcd Nanorobots 7



Introduction

followed resulting in various principles for micro manipulation [Greitmann96,

Koyano96, Arai97, Miyazaki97, Salira97, Arai98, Kasaya98, Kim99] (see sec¬

tion 2.1). Reaching object sizes of 100 jiini and below we get into the regime of

dominating adhesive effects. This leads to the fact that methods that use direct

contact to manipulate particles will have problems mainly in releasing the object.
These difficulties can be overcome by using non-contact techniques e.g. electro-

phoretic forces [Mosher92], dielectrophoretic forces (Pohl78], optical traps

|Ashkin86, Block92j etc. A different approach originates from chemistry and

biology which apply a bottom-up strategy to assemble atoms to molecules and

built up functional micro and nano structures.

Object Size
4

m •

mm

pm

nm

Top-Down
Strategy

Adnesion Effect
Bottom-Up
Strategy

Rayleigh
Limit

1 Industrial Robots

2 Tweezer

3 Pipette

4 Non-Contact

Handling (Elec¬
trostatic, Optical
Trap etc.)

5 AFIWSTM

6 SEM

7 Chemistry/
Biology/
Self Assembly

Continuous

Contact

Few Contact

Points
Non-Contact

Fig. 1.1: Development of tools working in the micro and nano world

Besides the manipulation of objects, the visualization of (sub)micro structures is

another major problem lStemmer961. Whereas light microscopes are well suited

for object sizes typically aboxe 200 nm, the Rayleigh limit makes their applica¬
bility difficult to particle dimensions below (fig. 1.1). Near-field microscopes
like atomic force microscopes (AFM) lBinnig86J or scanning tunneling micro¬

scopes (STM) [Binnig82] can overcome this limitation and offer even sub-

nanometer resolution. Furthermore, these systems have also proved themselves

as powerful tools to manipulate nano particles (see section 6.2).
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Scope of This Thesis

Comparing the automatization level of systems working in the macro and micro

world (fig. 1.2), it is obvious that engineers developed industrial robots by com¬

bining sensing and actuating units with intelligent control strategies. They even

made a step further by making these systems autonomous. In contrast to this, the

micro manipulators and visualizations tools invented so far for the nano world

are still systems with a low level of automatization. As a conclusion it clearly can

be seen that the sensors and actuators for the (sub)micro world have to be united

with a refined automatization strategy optimized for robots working in the nano

world. Such entities, called nanorobots. will work at a highly automated level.

Object Size

m--

mm

um--

Arms

Tele- Sensor
, , . . . ». ...

c~„;~^a ndustna Mobile

S" SyTmd «»bat Robot

Mobile

SPft^ Nanorop* „»»'^

nm+ Abated Con.Ted C°"trolled lntelli9ent Aut°"°-

Abstraction

""Level

Fig. 1.2: Development ofautomated systems in the macro and micro world

1.2 Scope of This Thesis

The objective of this thesis is the development of new control strategies and

behavior rules for systems working in the nano world. New ideas of how to pro¬

cess near-field sensor information to perform given tasks automatically will be

discussed. Hence, a higher level of automation can be achieved that allows us to

define tasks that will be executed automatically by the robot. Due to the small

point of access to the nano world, such systems have to be equipped with a new

generation of micro tools that combine sensing and actuating skills to gain full

access to local properties.

Design and Control of Sensor-Guided Nanorobots 9



Introduction

Whereas sensors and actuators with nm resolution are available from current

scanning probe microscope (SPM) technologies, the idea of autonomous nanoro¬

bots lDrexler9l], i.e. small systems with their own energy supply, controllers,

sensing and actuating units, is not feasible because of the size of current micro

processors LNicoud95]. Therefore, the domain of nanorobotics deals more with

the design of systems working in the nano world [Requicha99] and their applica¬
tions and not with systems with an overall size in the (Lim range. Consequently,
the term sensor-guided nanorobot does not describe a system with overall dimen¬

sions in the (sub)micro range but a setup that is working on the nm scale by com¬

bining suitable sensors and actuators with control strategies to perform
automated tasks. The dimensions of such a sensor-guided nanorobot can still be

in the macro regime, whereas the resolution of the system is on the atomic scale.

This thesis is part of the NANO II project in which high electron mobility transis¬

tors (FIEMTs) are developed that will operate at high frequencies. In this applica¬
tion knowledge of the topography and surface potential along the gate finger of

the transistor is extremely important to calculate the electric field. These data are

used for optimization of the transistor structure. To support this optimization and

to show an example of a nanorobot's abilities, the idea of tracking along nano

structures [P0I1I88] is elaborated to an new working principle. The algorithm
allows the operator to define the feature of interest based on his a-priori knowl¬

edge and then starts the flexible data acquisition by automatically guiding the

local sensor (e.g. an SPM probe) along the feature trajectory. The advantage of

such a working principle is, firstly, the fact that only the necessary data are mea¬

sured and hence data acquisition is speeded up and, secondly, that the system can

be automated. A task-oriented working principle can be achieved in which the

user is defining a task that the robot automatically performs. This leads to a robot

system that operates on a higher level of automatization.

1.3 Thesis Outline

In chapter 2, first the working principles of intelligent micro tools are described

and a possible realization is presented. We carry on the field of micro particle
manipulation and introduce a glass pipette based micro manipulator. The tool is

optimized for proper picking and placing of micro objects. An integrated distance

sensor allows us to measure the tip-sample separation, which is the first step to

10 Design and Control of Sensor-Guided Nanorobots



Thesis Outline

integrate the tool in a robot environment capable of automatically executing user-

defined tasks.

In chapter 3, a platform is introduced on which the tasks can be implemented and

tested. Because of the multifunctional characteristics of many SPM probes (e.g.
an AFM tip can measure topography, surface potential, magnetization, elasticity
of the material, etc.) the experimental setup is designed to handle multiple sensor

inputs. In order to examine the controller strategies a benchmark test different

from micro particle manipulation is needed. Consequently, we work on inte¬

grated circuit structures that reveal a variety of possible tasks the sensor-guided
nanorobot can perform (e.g. damage analysis of a gate finger, electric field analy¬
sis of a transistor, etc.). Due to the rapidly-changing requirements of such an

experimental platform, e.g. another application field of the controller strategies is

automated micro-object handling, we put special emphasis on a modular concept.
This enables us to apply not only SPM probes but also the intelligent micro

manipulator in the setup.

In chapter 4, a controller setup is discussed and implemented on the test platform
to show how a user-defined task is processed by the robot system. First, the gen¬

eral working principle is presented and afterwards an example is shown to give
detailed information about the calculation steps the robot has to perform.

In chapter 5, benchmark tests of the implemented algorithms are shown to dem¬

onstrate the nanorobot's abilities and to give an idea of the capabilities of such

systems. On the one hand, system stability against short-time break-downs of

sensor signals is proved and on the other hand tracking along test structures

based on local (e.g. from an SPM probe) as well as global information (e.g. from

a light microscope) is demonstrated. Finally, the current implementation is

employed on transistor structures.

Design and Control of Sensor-Guided Nanorobots 11
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New Tools with Integrated

Sensors and Actuators

In this chapter the working principles of intelligent tools that combine sensing
and actuating functions in one unit will be elaborated and a possible implementa¬
tion will be introduced. The micro manipulator is capable of handling micro

objects sized between 40 pm up to 200 pm and can sense the distance to the

object which is necessary to realize collision avoidance control loops. This inte¬

grated local sensor allows one to implement manipulation tasks in a fully auto¬

mated environment. It is a first step towards intelligent systems working in the

micro and nano world (fig. 1.2).

2.1 Overview of Micro Object Manipulation

Elementary Tasks

Micro particle manipulation summarizes a sequence of elementary tasks. First,
the particle is picked up in order to be moved to another location. There, the

object has to be placed at the desired position, e.g. in order to build up micro-

structures. If such a pick and place operation is not successful the particle has to

be removed to allow the tool to pick up the next object.

Design and Control of Sensor-Guided Nanorobots 13



New Tools with Integrated Sensors and Actuators

Overview of Possible Manipulation Techniques

Various approaches for micro particle handling have been investigated in the last

years. To get an overview they will be split up in three major categories. The first

class uses two or more fingers to grasp an object. With such a tweezer-like mech¬

anism, mostly fabricated with silicon technology, the particles are gripped with

the fingers of the tool [Grcitmann96, Arai97, Salim97, Arai98, Kim99]. The sec¬

ond class of micro manipulators need only one single finger to pick a particle.
With the use of adhesive effects )Koyano96, Miyazaki97, Kasaya98j, vacuum

[Zescli97al etc. these needle-like mechanisms try to change the force acting
between the finger and the particle with suitable handling procedures. The last

category applies non-contact methods such as electrophorctic forces [Mosher92J,

dielectrophoretic forces [Pohl781, laser beams lAshkin86, Block92], aerody¬
namic effects lSegovia98], etc. to interact with the object without touching it.

Comparing the above mentioned categories one can clearly see that the tweezer-

like methods benefit from being able to grip particles of a large range of object
sizes. The major disadvantage is the difficulty of releasing the object (see section

2.2). This problem of releasing an object is not existent with non-contact meth¬

ods because switching off the power will instantaneously free the particle. The

usage of such techniques is restricted to small object sizes because larger object
dimensions necessitate high power densities that might damage the particle. A

good compromise between these two classes of manipulation methods is the nee¬

dle-like category that affords control over the contact forces and, therefore,

improve the release of particles while not being restricted to small object sizes.

2.2 Comparison of Relevant Forces

In order to see the differences between macro and micro object handling, we take

a closer look at the forces acting on the object. In detail, the surface forces

llsraelachvili92] that originate from electrostatic and intermolecular interactions

as well as from the condensation of liquids on the surface and gravitation are

compared [Arai95, Fearing95] by using a simplified model of a sphere interact¬

ing with a plane.

14 Design and Control of Sensor-Guided Nanorobots



Comparison of Relevant Forces

Gravitation

Eq. 2.1 describes the gravitation force FG acting on a sphere with radius A' and

density p, where g denotes the acceleration of gravity.

FG = -nR^pg (2.1)

Electrostatic Interactions

The Coulomb force Fc can be written according to eq. 2.2 with 8Q denoting the

permittivity of vacuum. £ the dielectric constant of the material and c the dis¬

tance between the sphere and the plane. The voltage U between sphere and plane
depends on the charge, the work function of the materials and the possibly
applied voltage and can vary strongly between dry and humid conditions.

Fc(z) = 7ti?C6()~ (2.2)

Intermolecular Interactions

The Van-der-Waals force (eq. 2.3) is a function of the material-dependent
Hamaker constant H which includes dispersion forces, orientation effects

between permanent dipole as well as interactions due to induced dipole between

permanent dipoles and non-polar molecules [Israelachvili92J.

HR
Fvdw(") = ^ (2-3)

Forces due to Capillary Condensedion

Forces resulting from capillary condensation Fw (eq. 2.4) [Israelachvili921 can

occur mainly in humid environments. These interactions depend on the surface

tension y and the contact angle 0 of the liquid, which is water when working
under ambient conditions.

Fw = 4nRycos(Q) (2.4)

Design and Control of Sensor-Guided Nanorobots 15



New Tools with Integrated Sensors and Actuators

Comparison ofAdhesive Effects

Fig. 2.1 compares all the above listed forces and clearly shows that gravitation

can be neglected in the micro world due to the fact that it scales with the volume,

i.e. with the third power of the radius, whereas the surface forces are proportional

to the square of the radius. Furthermore, in ambient environments the humidity

can strongly increase the contact forces and, therefore, has to be considered in the

design of micro manipulators.

Fig. 2.1: Comparison offorces between a glass sphere and a silicon plate in

function of the object size according to eq. 2.1 - eq. 2.4 whilefollowing numerical

values have been used: ç>= 3 l(P kg/nr\ e= 1, Uhum-,= 10 mV, U /ri,= 10 V,

z = 0.2 nm, H = 40 • Kr20 J, y = 72 mJ/m2, cos(0) = 1

2.3 Glass Pipettes as Micro Manipulators

As already pointed out in section 2.1, a promising solution for micro manipula¬
tors is based on a needle-like design and the fact that the contact force between

tool and particle can be varied. For this reason, the micro tool discussed in this

section relies on the known capabilities of glass pipettes that are widely used in

microbiology to manipulate cells [Brown86]. Besides the fact that the pipettes
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have already proved their applicability in cell handling, further facts like easy

production, low price and simple handling favor their usage in micro object han¬

dling. Based on these advantages we develop basic tasks for manipulating micro

objects lZesch97a] namely pick and place operations.

Glass Pipette Manufacturing

Micro pipettes are made of commercially available glass tubes. By heating the

middle part of the tube and pulling both sides apart the tube is tapered to form a

micro tip (fig. 2.2 a). By changing heating temperature and pulling velocity the

pipette's geometry, i.e. length, diameter and shape, can be adjusted [Brown86j.
After that the pipette has to be processed by cutting the front part of the tip
(fig. 2.2 b) to enlarge the hole and get the optimal tip diameter for a given object
size (fig. 2.6 b). In the subsequent experiments, the outer tip diameter is used to

specify the glass pipette due to the fact that it easily can be determined under a

light microscope. The inner tip diameter can be calculated as the quotient of inner

and outer diameter of a glass pipette remains constant over the whole length
[Brown 861.

Heating
Power

Outer Tip
Diameter

Tip
Length

/
Cutting of

the Tip

Pulling
Velocity

Fig. 2.2: Pulling of glass pipettes (a) and postprocessing of tip geometry (b)

Basis Manipulation Tasks for Micro Object Handling

These pipettes are then connected to a vacuum supply allowing us to apply and

release vacuum to the tip. In order to derive possible manipulation strategies for

micro particle handling, the necessary conditions to implement pick and place
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operations must be analyzed by comparing the forces acting on the objects

(fig. 2.3). Basically, four major forces act on the micro object while it is in con¬

tact with both the surface and the pipette: gravity F0, adhesion to the surface Fx
(tangential) and F„ (normal), adhesion to the pipette F (normal) and F (tan-

c"
^

til

gential) and the force due to the pressure difference from the applied vacuum

F.
vac

Pipette

Ft F

7f Vacuum

vac

Object

F,

Surface

Fig. 2.3: Forces during pick andplace operations

As mentioned above, gravity can be neglected in the micro and nano world.

Hence, for the pick operation, eq. 2.5 has to be fulfilled while the tool withdraws

from the surface. The force resulting from the applied vacuum must be strong

enough to overcome the surface forces.

Fvac > s'm(a)F: ~ cos(Ci)I\ - Fn (2.5)

The move phase is not critical, as for a large distance between object and surface

the components Fx and F_ disappear. Moreover it is possible to switch off the

vacuum as long as eq. 2.6 and eq. 2.7 are satisfied.

F > sin(a)Fc (2.6)

F > cos(a)F (2.7)

During the place sequence the limit for the pipette adhesion neglecting gravity is

given by eq. 2.8.
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F < sin(a)F7 + cos (a)F (2.8)

Analyzing these results, antagonistic demands for the pick and place conditions

can be seen. The pick operation requires a large tip diameter because the force

resulting from the applied vacuum scales with the cross-section of the pipette (eq.

2.5). On the other hand, a successful place operation works better with smaller

tool diameters, because the adhesive effects are proportional to the contact area

(eq. 2.8). To find the optimum, pick and place operations with 100 pm sized

objects have been made and the success rate is calculated as a function of the tip
diameter. Fig. 2.4 (b) shows that an optimal tool diameter is about one third of

the object size.

To summarize, before the micro tool can pick an object, it must be positioned

adjacent to the object of interest, then by applying a vacuum the object is grabbed
and can then be lifted off and transported (fig. 2.4 a). In order to place it, the vac¬

uum is released and the micro object is brought into contact with the surface.

2) Move 3) Place1)Pick

Direction of

Motion

Surface
0 25 50 75 100

Outer Tip Diameter [urn]

Fig. 2.4: Principle tasks for micro object manipulation (a) and success rates in

function of the tip diameter (b) measured at ambient conditions and an inclina¬

tion angle of a = 45° based on approximately 1000 pick and place operations

The new micro manipulator is capable of correctly placing a micro particle with a

success rate of more that 75 7c. In case of an unsuccessful place operation (i.e.
the object could not be placed) first a second attempt should be made by with¬

drawing the object from the surface and reengage it. If the object can still not be

released, it has to be removed from the pipette (fig. 2.5). One possibility is to

strip off the particle at an edge or groove (a). The difficulty here is not to damage
the tool while moving it close to a surface. To reduce such possible damages the

object can be pushed off with a second tip (b). In situations with limited space
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there is often not enough room for additional utilities. Thus, the object can also

be blown away by applying pressure to the pipette. All mentioned removing

methods have a success rate of 100 7c, but it is not possible to release the particle

at a defined position.

Pressure

Fig. 2.5: Possible strategies for removing a sticking particle

Tool Improvements with Coatings

To minimize situations in which removal methods have to be applied, the success

rate of the place operation must be increased. As already pointed out above, the

adhesive forces F}l and Ff between tool and object can be very strong in ambient

environment. According to eq. 2.8 the place operation can be improved by mini¬

mizing these adhesive effects. To reduce these adhesive interactions resulting

mainly from the capillary condensation we coated the tool with a hydrophobic
film lKnapp98ab To find a coating that is sufficiently hydrophobic (to suppress

capillary condensation), resistant to abrasion (to guarantee a stable tool), homog¬

enous (to ensure an even coating) and easily applicable (to facilitate preparation
and reduce costs) different types of coatings, namely gold and Teflon-like layers,
have been compared.

For a quantitative comparison of these types AFM tips where coated lKnapp991
with either gold via a sputtering process (MED 010 by Balzers, Liechtenstein) or

hexafluoropropene (HFP) using a plasma enhanced chemical vapor deposition

(PE-CVD) process [Knapp98b]. In order to compare the adhesive force and the

abrasion, measured data of the contact forces between the AFM tip and surface as

well as SEM images of the tips after scanning them over the surface have been

analyzed. Furthermore, pipettes were coated with each coating type and pick and

place operations have been performed to determine the success rates.
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Fig. 2.6 (a) shows the result of this analysis. Although coated and uncoated

pipettes have excellent success rates in the place operation in environments with

low humidity, the sputtered gold coatings and the Teflon-like layers obtained

through F1FP plasma treatment still show good behavior at high humidity, while

the cleaned pipettes lose reliability. With both coatings a reduction of adhesion

between two surfaces has been achieved and pick and place operations at ambient

conditions were much improved. Depending on the micro particle to manipulate
the kind of coating has to be selected. A gold coated tool should be preferred in

case high electrostatic forces arise due to charged objects. Working at ambient

conditions our experience has shown that the major part of adhesive effects

results from capillary condensation. For this reason, we have chosen Teflon-like

coated pipettes in the following experiments because of their good abrasion prop¬

erties.

100
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_0>
ro

m

to
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ü
o

00
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®
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Fig. 2.6: Success rate of the place operation in function of the humidity of differ¬
ent tool coatings based on approximately 250 trials (a) and tool geometry (b)

2.4 Integration of Distance Sensor

The glass pipette based micro manipulator will be used in an automated robot

environment. The implementation of collision avoidance tasks in order to prevent
tool damage or automated local navigation for particle manipulation necessitate

the integration of a distance sensor. Special emphasis is laid on a sensor system
with fast response time and the capability of accessing the local dimension

around the pipette tip.
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In scanning near-field optical microscopes (SNOM) a widely applied principle to

measure distances and control the tip-sample separation is based on shear force

detection [Betzig92|. To this end, the tip oscillates at its resonance frequency.

During approach to a surface the damping influence of the surface-tool interac¬

tions changes the resonance frequency which can be measured and used for dis¬

tance control. Different setups have been suggested based on a tuning fork

lKarrai95], a segmented piezo tube lHsu95, Barenz96, Ruiter98] or a single

piezo element [Hollricher98J. As sensor output the amplitude of the modulated

system response signal [Salvi98], the phase signal (Wei98] or a combination of

both iLippitz99] can be used. Another approach calculates the root-mean-square

(RMS) value of the vibration response to obtain the sensor signal fHsu97b

Simulation ofDistance Sensor

To simulate the sensor behavior the pipette is modeled. An analytical model can

be found in [Vohnsen95]. To get the necessary information about the sensor

behavior, a simple discrete model is sufficient. For this reason, the pipette is

approximated by two tubes of different diameter (d ^,
d

n ) and length (L ^, L2 )
and modeled as spring-mass system where several masses in- (i = O...11) are

connected by flexible beams of length s- with individual beam elasticity EJ.

(fig. 2.7).

After separation of the mass elements from the beam and insertion of the contact

forces /., the deflection v
j
of the flexible beam due to an applied force f. (i.e.

the inertia of the mass element) can be calculated with a linear model as a sum of

deflections according to eq. 2.9 - eq. 2.11 [Dubbel90].

x.
. ,

= x + C s
, ,

(2.9)
1 + 1 7 7 7+1

V J

.v = ——f (2.10)
1

7

7
">

dx s
'

v' = —- = —1—f (2 111
' dz 2 •£./''

{ }

1
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tx
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Pipette

Model

iJt
Efd

2lua2

Fig. 2.7: Spring-mass model of the pipette (a) as well as shape approximation
usedfor the model (b)

The total deflection due to all applied forces can be found as the superposition of

individual deflections of each force /. Hence, the relationship between deflec¬

tion and applied force can be written as a symmetric stiffness matrix K (eq.

2.12).

Xr

'— 1 -f — TZ— 1
x =

TT1/
= K fi

fn

(2.12)

To analyze the dynamics of the system, we set up the differential equation (eq.

2.13) where M represents the diagonal matrix of mass elements and D the damp¬

ing matrix in which the tip-surface distance depending damping 8 is considered.

Mx + Dx + Kx = 0 (2.13)

Solving for the eigenvalues and eigenvectors results in the resonance frequencies
and oscillation modes of the system.
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The calculated oscillation modes of the pipette using the numerical values in

table 2.1 can be split up into two groups: in the modes of the first group the whole

pipette is oscillating whereas in the second group mainly the tip is oscillating

(fig. 2.8). Especially the second group of modes is of interest for the local force

sensor, because high sensitivity to the damping influence of a nearby surface is

achieved due to the fact that all oscillation energy is in the tip. Hence, the dis¬

tance sensor is preferentially realized with such an oscillation mode.

Symbol
Value Used for

Simulation

Possible Value

Range

Young's Modulus E 70 109 N/nr

Density p 2200 kg/ra3

Outer Tube Diameter <:/ , 1 mm 1-1.5 mm

Inner Tube Diameter d
, 0.58 mm 0.3 - 0.8 mm

Outer Tip Diameter d
-, 20 pm 10-50 pm

Tube Length Zj 5 mm 5-30 mm

Tip Length Z0 3 mm 0-5 mm

Number of lube Elements n. 25 10 - 100

Number of Tip Elements n -, 15 10- 100

Damping 6 l(r7 Ns/m 10"7 - 10-2 Ns/m

Tab. 2.1: Numerical values of the glass pipette used for the numerical simulation
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Fig. 2.8: Simulation results of the discrete model with oscillating modes of the

pipette

Experimented Verification ofDistance Sensor

To verify the simulation results, the micro tool is attached a four-segmented piezo
tube using polyisobutylene (PIB) [Barenz96] to couple the pipette and the tube

(fig. 2.9).This piezo tube is used to vibrate the micro tool. PIB is a viscous poly¬
mer that can easily be filled in the gap between pipette and piezo tube. At fre¬

quencies above 10 kHz the Young's modulus increases resulting in a more rigid
coupling during excitation.

The excitation voltage is applied to one electrode (i.e. actuator 1 or 2 in fig. 2.9 b)
whereas the system response is measured at the opposite side. With this setup
both oscillation directions, normal and parallel to the surface, can be investi¬

gated. The actuator electrode is connected to a sine generator (Model 188,

Wavetek) which is controlled by a PC. The response signal is processed by a

lock-in amplifier (SR530, Standford Research Systems) to get the amplitude and

phase signal for data acquisition with a computer. Finally, a mica surface that can

be approached to the tip by a stack-piezo actuator is used as test target because of

its atomically flat surface.

1,
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Fig. 2.9: Schematic overview of experimental setup (a) and pipette fixture con¬

sisting of a piezo tube used as sensor and actuator unit (b)

First, the amplitude signal is recorded as a function of the excitation frequency

(fig. 2.10) for pipettes of different lengths E] .
The experiment clearly shows two

types of oscillation modes as already found in the simulation. The first group is

changing its resonance frequency with changing tool length, whereas in the sec¬

ond group mainly the tip is vibrating and, therefore, the resonance peak at 42 kHz

is not varying with length L^. This behavior depends on the tip geometry and

hence not all tools show both types of oscillation modes. Furthermore, the damp¬

ing influence of the approaching surface can be experimentally verified

lBrunner97].
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Fig. 2.10: Amplitude response of pipettes ofdifferent tool lengths {a) and damp¬
ing influence during approach to surface (b)

In vestigation of Sensor Characteri stic s

In the next step, the amplitude signal of the system during the approach to a sur¬

face is explored (fig. 2.11). Both oscillation directions parallel and normal to the

surface arc investigated, each with and without coating of the tool. All curves

show a hysteresis between approach and withdrawal of the surface. On the one

hand, this is due to adhesive effects between the pipette tip and the surface simi¬

lar to the force curve behavior measured with AFM tips during engage and pull-
off from the surface. On the other hand, the fixture of the pipette to the piezo with

PIB seems not stiff enough to hold the forces acting on the tip. Furthermore, the

influence of the liquid film can result in a strong non-linear decrease of the

amplitude signal with uncoated pipette tips [Gheber98J. This is due to the immer¬

sion of the tip into the water film. With Teflon-like coated tools, this effect is

much reduced and the distance sensor show s a relatively linear behavior.

The oscillation direction parallel to the surface shows a much stronger decrease

than in the direction normal to the sample. For this reason, long sensor working
ranges should be preferably realized with an oscillation direction normal to the

surface, whereas for short distances the parallel direction is also a feasible solu¬

tion.
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Fig. 2.11: Amplitude response during approach to surface with oscillation direc¬

tion parallel (a, c) and nomud (b, d) to the surface for uncoated (a, b) and coated

pipettes (c, d). All curves are measured with different excitation voltages while

the coating curves are taken at a relative humidity of55 % and the resonance fre¬

quency of the tip is 33,4 kHz

For the manipulation of object sizes between 40 and 200 pm at ambient condi¬

tions, a large sensor distance range is recommended. Consequently, we use

Teflon-like coated glass pipettes and operate the local distance sensor in the

oscillation mode normal to the surface. The maximum sensor signal range (i.e.
the maximal difference in the sensor signal that is available to the electronics) as

well as the working range (i.e. the largest distance that can be acquired) of the

sensor during approach to the surface are measured as a function of the excitation

voltage. Both working range and maximum sensor output signal depend linearly
lChen94, Bugacov991 on the excitation voltage (fig. 2.12).
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Fig. 2.12: Sensor working range (a) and ma.\. sensor signal output (b) (see

fig. 2.11 d) of tapping direction in function of peak-to-peak excitation voltage at

ambient conditions of a Teflon-like coated pipette
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.5 Benchmarks

To prove the capabilities of the micro pipette with integrated local distance sen¬

sor different object types have been manipulated. A hydrophobic coating (i.e. a

Teflon-like layer) reduces adhesive effects with the objects. The new micro tool

combines sensor and actuator functions in one single point which is essential to

enable access to small dimensions. Fig. 2.13 shows the result of 2D and 3D struc¬

tures built of 200 pm sized metal beads as well as 40 - 50 \xm sized glass beads

placed on a silicon wafer and manipulated at ambient conditions.

The glass beads (fig. 2.13 b, c) were first picked up by approaching them with the

distance sensor turned on. At a distance of some tens of nm in front of the object
the vacuum is turned on and the object is picked. Then, it is moved to its appro¬

priate new position and placed. Compared to manipulations without distance feed

back (fig. 2.13 a), the pick operation is vastly impro\ed because the object can

precisely be approached without touching it. Without a distance sensor, the object
is either approached until it moves and hence the tool is in contact with the object
or the distance is set to several pm and the particle is picked with high vacuum

forces that can lead to a grabbing of multiple objects at the same time. The hydro¬

phobic coating of the tools improves the handling of small objects because the

proper placement is enhanced (fig. 2.13 c).
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Fig. 2.13: 2D and 3D manipulation examples of 200 \xm sized metal beads (a) as

well as 40 - 50 p/// sized glass beads (b, c)

2.6 Tool Improvements and System Integration

The introduced micro pipette with integrated distance sensor has proved its appli¬

cability as a micro tool. In the future, some improvements in the setup could

enhance the handling abilities.

Mechanical Improvements of the Micro Manipulator

First, PIB as a coupling medium between glass pipette and piezo tube can be

replaced by a mechanical fixture (fig. 2.14 a). This would facilitate the exchange
of a pipette by simply pressing the backside of the clamp towards the piezo to

release the tool. After insertion of a new pipette the clamp can be freed to fix the

manipulator at a defined position. Furthermore, the signal transfer characteristics

will be improved due to the suffer coupling between the pipette and the piezo
while disturbances from the environment will be decoupled by the rubber fixture.

In addition, this mechanical fixture allows an application of the sensor setup in a

vacuum environment because there is no PIB that could degas.
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Second, a more precise control of the vacuum force can be achieved by using

glass tubes with multiple channels. This allows one to apply the vacuum in each

tube individually enabling smoother force characteristics. Additionally, mechani¬

cal adhesion is decreased because the objects can not get stuck in the tube chan¬

nels (fig. 2.14 b).
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Vacuum 1

Vacuum 2

Pipette

Fig. 2.14: Improvements of the micro manipulator setup with a new clamp system

(a), mechanical adhesion (b) and its prevention using a pipette with multiple
tubes (c)

Integration into an Automated Environment

The response time of the local distance sensor is faster than other measuring
methods, e.g. vision based algorithms lDanuser97b This favors the integration of

this new concept of a tool combined with a local sensor in a fully automated

robot environment. On a low automation level, collision avoidance is a basic task

that prevents tool damage during execution of automated tasks. Further algo¬
rithms that are capable of finding the micro particles automatically or that are

able to perform pick and place tasks without any user interactions would be of

great value. Such a sensor-guided robot will be able to automatically perforin
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user-defined tasks by working on a higher automation level than simple teleoper-
ation systems.

In order to implement behavior rules for a system working on the nanometer

scale, an experimental setup has to be designed that allows us to test the algo¬
rithms. Such algorithms have to be capable to work with any information from

the nano world. Due to the multifunctional character of nano probes a test plat¬
form is needed on which multiple sample properties can be measured at the same

time. Furthermore, the algorithms have to be tested on much smaller structure

than the manipulated micro objects. For these reasons, a test platform is pre¬

sented in the next chapter on which control strategies based on multiple sensor

signals can be implemented and evaluated. Special emphasis is laid on a modular

concept that allows the platform to be accommodated to the use of different local

tools.
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In this chapter, the theoretical approach to sensor-guided nanorobots, which was

introduced in section 1.1, will be carried on to a concrete realization. Several pos¬
sible setups will be discussed and the final implementation will be introduced.

The discussed system will be used as a test platform on which behavior rules and

control strategies can easily be designed and evaluated on the nm-scale and,

therefore, will be the base for implementing new concepts for interaction with the

nano world.

3.1 Requirements for a Test Platform

The design of a test platform must be flexible enough to adapt it to different

needs. Possible fields of application can be the investigation of integrated circuit

structures (see section 1.2) to derive critical parameters for optimization or the

automated particle manipulation with a new generation of tools (see chapter 2).
Thus, special emphasis is laid on a modular concept and an open design of the

arrangement which is motivated by the fast changes in requirements for such test

platforms.

The aforementioned requirement necessitate that a micro tool can be positioned
in a large working range (e.g. to handle the IC structures on a silicon wafer or

build 3D structures with a micro manipulator) with nm resolution (e.g. to allow
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data acquisition on (sub)micro stractures or precise alignment of micro fabricated

parts). A sensor subsystem has to provide us with all necessary information to

perform the defined task. On the one hand, these are near-field data from the tool

(e.g. topography, surface potential, local distance to the surface, etc.) and, on the

other hand, far-field information (e.g. from a CCD camera). All sensor signals
are processed in a controller that generates the necessary actuator commands to

perform the tasks.

In addition, the controller part must permit a flexible implementation of behavior

rules and allow time-critical tasks to be run under real-time conditions. Further¬

more, an open architecture will allow components (e.g. the tool or the actuator

type) to be exchanged, added and removed as well as all required signals to be

accessed. Fast but not least, the robot system will be employed in industrial envi¬

ronments by users who often are not familiar with data acquisition techniques.
Hence, an easy-to-understand user interface with software functions for auto¬

mated system setup are needed. In the following sections, the mechanical setup
will be introduced. Then, the necessary electronic components and the software

structure are discussed in detail.

3.2 Mechanical Setup

3.2.1 General Overview

A schematic overview of our current setup is shown in fig. 3.1. The system con¬

sists of a sensor, an actuator and a controller part. The sensor-guided nanorobot

will primarily work on IC structures and thus a local sensor is needed which can

acquire properties of interest of such samples. Both STM and AFM are possible
solutions to acquire local information in ambient environment. An AFM tip has

been chosen to supply us with near-field inputs like topography, surface poten¬

tial, etc., because the sample does not have to be conductive as compared to STM

samples. Furthermore, a light microscope is integrated to extend the robot's field

of view beyond the tip's range and to allow wide-range observation of the speci¬
men.

Owing to the fact that the sensor-guided nanorobot will be mainly used on inte¬

grated circuits, the whole system should be capable of working on 6-inch wafers,
which are widely used as substrates for fabrication of micro electronics. Thus,
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the actuator part must be able to position the sample within a woikmg range of

150 x 150 x 30 mm with nm resolution [Zesch97b]. These requnements can be

realized either by using stepping mechanisms based on stick-slip principles
[Bcsocke87, IIiguchi90. Buchi95, Zesch95] or by splitting up the actuator task

into a fine and a coarse positioning part. In the current system, we have chosen

the second strategy with 3 degrees of freedom (DOF). Nevertheless, this limita¬

tion can easily be overcome by adding modules for rotational DOFs. In the fol¬

lowing sections each component of the setup will be discussed m detail.

Global

Camera

Fig. 3.1: Principle setup of the sensor-guided nanorobot

3.2.2 Actuators

Fine Positioning Device

The fine positioning device is realized by a piezo tube. Two different concepts
are possible: the first one is using a single tube with 4 electrodes (fig. 3.2 a) while

the second uses two tubes (fig. 3.2 b).
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Fig. 3.2: Actuation principles and resulting work spacefor 3 DOF fine position¬

ing device

The 3-dimensional displacement r is split up into two components: the xy-move¬

ment is realized by applying a position proportional voltage (£7v, U ) to one

electrode-segment and the inverse value to the opposite. The z-movement is per¬

formed by adding the z-voltage (£/_) to all 4 electrodes. In the second solution

the xy-voltages are applied to one piezo whereas the z-value is fed to a separate

piezo. This results in a cubic work space compared to a bipyramidal one in the

first principle where the base xy-plane is larger due to the larger length of the
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segmented piezo tube. The z-value depends on the actual xy-position, because

the maximum permissible voltage that can be applied is limited by the amplifier

and the piezo ceramics.

! • R=D/2

Fig. 3.3: Modelfor piezo displacement calculation

To calculate the working space of the fine positioning device, we model the tube

with diameter D, length L, wall thickness /; and bending rigidity £7, as a beam

(fig. 3.3). Solving eq. 3.1 that describes the strain 8 under the bending torque Mb
with the boundary conditions eq. 3.2 and eq. 3.3 yields the deflection line v(s) of

the beam (eq. 3.4).

t =

wi= r^ris) (3.1)

ds
v(0) = C(0) = 0 (3.2)

v(0) = 0 (3.3)

v(s)
fc\ç-

(3.4)

Substituting the variables r and a by the geometric parameters of the tube and

considering the piezo expansion characteristic d^ under the applied voltage V
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results in the calculated displacement xtj of the beam (eq. 3.5). This theoretical

value has to be corrected with the factor k [Chen92] due to the fact that we have

a round cross-section (eq. 3.6).

LAL <f3iyL
*"'(V) = V(L)

D U
„

d„VL
=

-F
=

^D-

2

(3.5)

x(V) = kxth(V) = ^xTh(V) (3.6)

To enlarge the working range in xy-direction the scanner can be prolonged by a

passive extension of length A .
The resulting displacement is then calculated with

.7.

v(L + A) = v(L) + ^~v(L)A (3.7)
OS

AIJV) °^/^^3l^7jf-
X(V) = k^2L2(L + 2A) = :^-2!_(L + 2A) (3.8)

D n hi)

The displacement in xy-direction can then be obtained with eq. 3.8. The displace¬
ment in z-direction is calculated according to eq. 3.9.

cL, VL

r(V) =
-£i— (3.9)

In the current setup, a single piezo tube with 4 electrodes and properties summa¬
rized in table 3.1 is used (lead zirconate titanate tube EBF#3 from Staveley Sen¬

sors Inc., East Hartford, USA). We obtain a measured scanner working range of

88 x 92 pm in xy-direction, whereas the maximum z-displacement is 11.5 pm.

The theoretical range is 110.8 x 110.8 urn in xy-direction and 7.7 pm in z-direc¬

tion. The difference between measured and calculated values are due to aging of

the piezo ceramics resulting in a decrease of the parameter ch^ .
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Symbol Value

Piezo Tube Length L 50.8 mm

Extension Length A 50.8 mm

Tube Wall Thickness h 0.762 mm

Tube Diameter D 19.05 mm

Piezo Constant dlii -262 • iCT12 m/V

Max. Applied Voltage V^j ±220 V

Tab. 3.1: Numerical values of the scanner

The fine positioning device is combined with a coarse positioning stage to extend

the nanorobot's working range. To match both coordinate systems the coordinate

transformation has to be calculated (see section 4.2.1). Due to creep and non-lin¬

earities of piezo ceramics, namely hysteresis, this step is preceded by a lineariza¬

tion of the piezo scanner. Preisach lPreisach35] proposed a hysteresis model in

which the whole hysteresis behavior is approximated by an integration over ele¬

mentary hysteresis operators with different weights.

In detail, Preisach defined a hysteresis operator yan with the behavior of switch¬

ing at the voltage position a to an output value of +1 and to -1 at a position ß

(ß < a) [Mayergoyz91, Gc97, Hughes97]. By weighting this operator with a fac¬

tor p(a, ß), the compensated output voltage /(?) can be calculated by integrat¬

ing the input u(t) over the interesting range (eq. 3.10). During the compensation

calculation, the previous local maximum and minimum voltage values are stored

and considered in the boundaries of the integration.

/(/) = JJfi(a,p)Yap«(r)Jar/ß (3.10)

«>|3
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Fig. 3.4: Measured displacement of \-axis u ithout (a) and with (b) hysteresis

compensation. Positioning error of x-a\is without (c) and with (d) compensation

Fig. 3.5: CCD image of test sample (a) and AFM image without hysteresis com¬

pensation (b) as well as with compensation (c)
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This hysteresis compensation linearizes the xy-motions. Fig. 3.4 shows the mea¬

sured displacement with and without the compensation for different voltages as

well as the errors of the model. Fig. 3.5 demonstrates the advantage of the scan¬

ner linearization algorithm by comparing of 2D images acquired with and with¬

out it.

Coarse Positioning Device

The coarse positioning device is realized by translation stages operated by step¬

ping motors in an open-loop mode (Erlic 85 from Owis GmbH, Stauten, Ger¬

many). These stepper motors can run either in full-step, half-step or micro-step
mode [Kuo74, Kuo79, Prautzsch88b In the first two modes a square-wave volt¬

age is applied to the poles of the motor. In the micro-step mode a sinusoidal sig¬
nal is used so that a full-step can be interpolated with 64 micro-steps, in the

following text simply called steps. We use the stages in micro-step mode which

affords a resolution of <2 pm. This is sufficient to position the sample inside the

working space of the fine positioning device, i.e. the piezo scanner. In practice,

steps smaller than 1.5 pm should be avoided due to friction and sticking effects.

25 50 75

Reference Position [Steps]

100

c

CD

E
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o

JS
- 1

®

E 3 -

25 50 75
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100

Fig. 3.6: Comparison of theoretical and measured position along the x-axis (a)

andy-axis (b) with standard deviation boundaries

Control Strategy for Positioning Devices

Both coarse and fine positioning device operate in an open-loop mode. Conse¬

quently, the resolution for positioning is worse compared to a closed-loop mode.

Nevertheless, the linearity of the devices is sufficient (fig. 3.6) to position the

sample inside the working range of the AFM sensor. The whole subsystem could
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very well be extended with sensors and controllers for closed-loop mode. But we

intended to take a different approach. Instead of integrating many sensors, which

are still limited in resolution, and other components into the system to linearize

the positioning movements, we implemented intelligent control algorithms that

are capable of compensating for such imperfections of the actuators. This

approach is similar to nature's behavior where a human arm is not only linearized

in the joints, but the whole motion is also controlled by vision and tactile infor¬

mation.

3.2.3 Sensors

AFM Probe as Local Sensor

The AFM sensor is mounted on the fine positioning device and integrated in one

compact AFM head. Hence, all necessary parts for AFM measurements are

united in an universal module that can be used in various setups, e.g. with differ¬

ent coarse positioning devices. Fig. 3.7 shows the components and the working

principle.

Fig. 3.7: Schematic overview of sensors including an AFM tip for local data

acquisition and a light microscope for global information
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A laser beam is focussed on the cantilever and reflected onto a detector. Upon

bringing the AFM tip in contact with a surface, the force between probe and sam¬

ple causes the cantilever to bend. This vertical displacement of the tip can be

measured with the detector and is used as sensor signal characterizing the local

nature of the sample. Due to the fact that the AFM sensor is scanning over the

surface, the laser beam has to follow the tip movements. Hansma et al.

[Hansma94, Stemmer95] proposed a setup in which lenses are used to track the

focus point of the laser beam along the tip motion. A first lens focusses the beam

into the piezo tube. The second lens moves together with the scanner and projects
the focus point onto the cantilever. The third lens collimates the reflected beam

onto the detector.

To specify the focal distance of the lenses, Gaussian beam optics are used

lSelf83, Hecht90, Saleh91]. The intensity of laser beams with a radius r and an

intensity 7n has a Gaussian distribution as described by eq. 3.11. We can define

the angular divergence 9 of such a beam (eq. 3.12) which is a function of the

wavelength X and the minimum beam waist Wq .

l{r) = I0e
"ö (3.11)

0 = — (3.12)
nwQ

If a lens with a focal length f is placed in the path of a Gaussian beam, the beam

waist after the lens, w,, can be calculated according to eq. 3.13.

"7
=

"'S ^T^ (?U3)
fnwK]

o

Z~ +
0

X

The variable z represents the distance of the beam waist to the focus point before

the lens. The location of the beam waist after the lens, :.. can be calculated

according to eq. 3.14.
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Zr —

7

z2 +

fnwfi]
;3.i4)

X

A laser with a wavelength X of 670 nm and a divergence 0 of I mrad is used.

With these laser properties and the geometrical values (table 3.1), the lens param¬

eters can be calculated (table 3.2) as well as the distances and beam waists in the

focal points (table 3.3).

Lens Number Focal Length

1 30 mm

2 15 mm

3 80 mm

Tab. 3.2: Lens parameters (fig. 3.7)

Symbol Value

B 72.08 mm

C 21.68 mm

F 21,28 mm

Beam Waist after Lens 1 2.56 pm

Beam Waist after Lens 2 5.99 pm

Tab. 3.3: Geometrical values of sensors system (fig. 3.7)

The inclination angle ß of the AFM sensor was set to 12° which leads to an angle

(X of 24°. To show the lateral and vertical resolution of the AFM sensor head, the

pits on a CD with a depth of approximately 200 nm are imaged (fig. 3.8). This

proves the applicability of this AFM head as local sensor for the observation of

IC structures. Further tests have shown that the z resolution is about 0.5 - 1 nm.

44 Design and Control of Sensor-Guided Nanorobots



Mechanical Setup

Fig. 3.8: AFM image of CD pits with topography data offorward (a) and back¬

ward scan (c) as well as PI controller error signal offorward (b) and backward

scan (d)

Video Microscope as Far-Field Sensor

In addition to the AFM sensor, a second data acquisition device was integrated to

gather far-field information. In detail, a light microscope (Nikon CM10 with CF

Plan EPI SLWD objective and Köhler illumination) with properties as listed in

table 3.4 is used. The angle 6 is calculated using eq. 3.15 for ambient conditions
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namely a refraction index n of 1 for air as surrounding medium and denotes an

important value for dimensioning the minimum size of the dichroic mirror.

Symbol Value

Working Distance WD 20.5 mm

Numerical Aperture NA 0.35

Magnification 20x

Angle 6 20.48°

Tab. 3.4: Numerical properties of light microscope

NA = 7?sin(5) (3.15)

To use the light microscope as a sensor, we added a CCD camera (LV-8500 from

Leutron Vision, Glattbrugg, Switzerland). The resolution r of such a sensor

design can be calculated according to the well known Rayleigh criterion (eq.
3.16)[Inoué971.

r = 0.61 A- (3.16)
/VA

With a typical wavelength X of 550 nm, a resolution of 958 nm can be achieved.

This resolution must be digitized by the CCD camera. According to Shannon

lDubbel90, Geering90] the spatial sampling frequency of the camera must be at

least twice the highest spatial frequency of the microscope system, i.e. the recip¬
rocal of the calculated resolution. Considering that the calculated resolution of

958 nm is magnified by a factor of 20 while passing trough the microscope, the

resulting image on the CCD chip has a size of 19.16 pm which is more than twice

the pixel size of 8.3 pm. Comparing the calculated resolution limit with measure¬

ments (fig. 3.9) proves the calculation. Hence, the sensor is very well suited to an

enviionment where integrated circuits will be examined.

To combine both local and global sensors and to get a top view of the scene with

the optical microscope a dichroic mirror has to be integrated which allows the

laser beam at 670 nm to pass through the mirror whereas the optical path of the

46 Design and Control of Sensor-Guided Nanorobots



Mechanical Setup

light microscope will be reflected. Therefore, a dichroic mirror with a cut-off

wavelength close to 670 nm is chosen that transmits light above this wavelength.

Fig. 3.9: Standard Test target [Oldenburg96f (a) and CD-ROM pits (b) to deter¬

mine the resolution of global sensor

3.2.4 Materials and Design

A mechanical construction brings both sensor and actuator units together. In

detail, the light microscope and the AFM head are mounted on the z coarse posi¬

tioning stage. A light and stiff construction of these parts is absolutely necessary

to keep the resonance frequencies of the structure high and thus guarantee the

proper functioning of the whole system. Additionally, the xy-stage has to be inte¬

grated into the system.

One possibility would be a special construction made of Invar steel with a fixed

assembly of all the components. We decided to choose a different approach. Our

system must have a modular concept, meaning that we can easily exchange the

type of xy-positioning device or the kind of local sensor while keeping the other

elements. Furthermore, the whole system is designed to inspect integrated cir¬

cuits in an industrial environment. Therefore, a framework made out of standard

aluminium profiles (Lagerprofil 80 x 80 from Item, Solingen, Germany) was

chosen. This framework can easily be adapted to different purposes and yields

enough stiffness to resolve the topographical and electrical surface properties of

integrated circuits (fig. 3.10).
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Fig. 3.10: Schematic view of the aluminium framework

All parts of the setup (fig. 3.11) are either made ol aluminium or Macor (table
3 5). Both materials aie ideal foi light constiuctions. Macoi is preferied m parts

that must be insulators ot must have a low theimal expansion. Foi this îeason the

AFM scannet is manufactmed out of Macoi.

Piopeity Aluminium Macoi

Density 2.7 g/cm7 2.52 g/cm3

Young's Modulus 71 OOON/mm2 64 000 N/mnr

Theimal Conductivity 221.5 W/mK 1 46 W/mK

Coefficient of Expansion 23 8 10
6
K

[
93- K)-6 K l

Tab. 3.5: Mechanical pi opei ties of the chosen matenals at worn tempeuituie
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Fig. 3.11: Final structure of the sensor-guided nanorobot (a) and close view on

measuring point (b)

3.3 Electronic Components

3.3.1 General Overview

The mechanical setup discussed in section 3.2 is completed with an electronic

subsystem to obtain the necessary functions. In general, we decided to build the

components ourselves for reasons of flexibility, to gain easy access to all signals,
to enable quick modification of components and to permit expansion of the sys¬

tem with further functions. All electronic parts are designed as slot-cards fitting
to a self-designed bus system. This bus is split up in a digital and an analog sec¬

tion which prevents interferences between digital and analog signals. The advan¬

tage of such a concept is the simplicity of extending the system for operation
with other functions and modules that use existing signals.

Fig. 3.12 shows an overview of the integrated cards. The entire system is con¬

nected to a computer. We decided to use a standard personal computer (PC)

owing to the fact that it is inexpensive and that there is a variety of available slot-

cards. Furthermore, a standard operating system provides a graphical user inter¬

face. Several slot-cards are added for data input/output. A frame grabber card is

used to connect up to 4 CCD cameras. A stepping motor card can drive up to 3
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motors in either full-step, half-step or micro-step mode. A general input/output
(10) card with digital-analog (DA), analog-digital (AD) and digital input/output
(DIO) channels is attached. A digital signal processor (DSP) board is integrated
with its own micro processor and 10 channels. This solution allows time-critical

tasks to be run under a real-time operating system independent of the host com¬

puter.

The high voltage (HV) amplifier boosts the fine positioning signals from the DSP

card and applies them to the piezo tube scanner. The DSP interface card includes

a signal multiplexer (MUX) and DA-converters. The controller card hosts 3 PÎ-

controllers for closed-loop control needed for AFM measurement techniques.
Furthermore, the card includes an RMS element for signal conditioning and 2

lock-in amplifiers for signal filtering. Finally, a synthesizer card with 4 indepen¬
dent channels is available. Detailed information about all mentioned components
can be found in the following sections.
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Fig. 3.12: Modular concept of the hard- and software
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3.3.2 HV-Amplifiers

The HV-amplifier is used to boost the positioning signals from the DSP board in

the range of ±10 Volt to the high voltage of ±220 Volt. We use operational

amplifiers (PA88 from Apex) to achieve the required gain. In the interest of flex¬

ibility the circuit can handle both types of fine positioning devices, i.e. with sepa¬

rate piezo tubes for xy- and z-movement or with a single tube for all movements

(fig. 3.2). Depending on the type of piezo scanner a jumper is used to add the z-

positioning signal to the x- and y-component |Kraus91] or supplying the signal to

an individual channel (fig. 3.13).
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Fig. 3.14: Measured gain response of HV amplifier on x/v-channels (a) and z-

channel (b)

The x/y-channels have a cut-off frequency CO of 5 kHz which is chosen to get

enough bandwidth and low noise on the slow positioning signals. The z-channel

has a higher bandwidth with a cut-off frequency of 100 kHz. This allows the sys-
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tern to be extended to use with other tip-sample distance controllers (e.g. H^-con-

troller lMorari89] instead of PID-controller) which need higher dynamics to

enable faster scanning movements (fig. 3.14).

3.3.3 Synthesizer Card

SPM measurement techniques often require oscillating signals. One example is

the tapping mode in which the AFM tip is excited at its resonance frequency. In

this application the exact adjustment of the frequency co and the amplitude A is

important for good measurement results. Also in the Kelvin mode (see section

3.4.2), oscillating signals are needed to modulate the potential applied to the tip
as well as to run the lock-in amplifier. In this operation, the exact setting of the

phase cp is important. The synthesizer card includes 4 oscillators which can be

programmed to output signals according to eq. 3.17.

/(f) = Âsin((ûf + cp) (3.17)

An oscillator chip (AD9850 from Analog Devices) is running with a clock fre¬

quency of 32 MHz. The output frequency can be programmed with 32 bit preci¬
sion allowing us to change it in steps of 7.5 10~° Hz. To get better signal

shapes, frequency was limited to the range of 0 - 2.5 MHz. The phase can be var¬

ied with 5 bit resolution, enabling a minimal phase step of 11.5° in the range of

0 - 360°. The remaining parameters of each channel are summarized in table 3.6.

Channel No. 0 1 2
i

j

Amplitude

Range
0 - 16 Vpp 0-16 Vpp 0 - 2 Vpp 0-16 Vpp

Min. Ampli¬
tude Step

3.9 • 1CT3

Vpp

3.9 • LCT3

Vpp

4.9 • 10"4

Vpp

3.9 10"3

Vpp

Usage
Lock-In 1

Reference

I x>ck-In 2

Reference

Tapping
Excitation

Kelvin

Modulation

Tab. 3.6: Numerical properties of the oscillator channels
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3.3.4 DSP Interface Card

The DSP interface card connects the DSP slot card inside the host computer with

the bus system. Due to the limited number of analog output channels on the DSP

slot card, the interface card also hosts a multiplexer (74ALS 138 from Texas

Intruments) to split one analog output channels into 4 independent channels and

adds further analog output channels over a 16 bit DA converter (DAC712P from

Burr-Brown). The whole multiplexer setup can be configured according to user

needs (fig. 3.15). For example, the system can have one fast (without MUX)

channel for the z-position and two slower (with MUX) channels for the xy-posi-
tioning signals.
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Fig. 3.15: Schematics of the programmable multiplexer where DO 16-19 are

used to select the output channel

3.3.5 Controller Card

The controller card is used for the different measurement methods of the AFM

sensor (see section 3.4.2). In principle the modulated measurement signal from

the quadrant detector is processed and fed into a controller. In the tapping mode,
the oscillating deflection signal of the tip vibrating at its resonance frequency is

measured and the RMS value is determined. The controller adjusts the z-position
output according to a defined amplitude reduction and hence acquires the topog¬

raphy information of the surface. In Kelvin mode, an AC potential plus DC offset

is applied to the tip and the detector signal is fed into a lock-in amplifier to get
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the response at the modulation frequency. This signal is then used by the control¬

ler to adjust the tip's DC potential to zero the potential difference between tip and

surface. In this way the surface potential is measured.

3 PI controllers were implemented on the controller card. The first is provided
with an RMS signal preprocessing unit and used for the topography measure¬

ment. The others are furnished with lock-in amplifiers of which one is used for

surface potential measurements and the other is free for future applications.

Fig. 3.16 shows the basic working mechanism of a lock-in amplifier. The input

signal that is a superposition of signals with different frequencies is multiplied
with a reference signal. After low-pass filtering, the signal component of interest

at the reference frequency is output. The result of a lock-in amplifier is similar to

a very thin band-pass filter. With this technique, the signal of interest can very

well be separated from other signal components such as noise and power-line
hum.
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Fig. 3.16: Working principle of lock-in amplifier: the input signal, which is a

superposition ofseveral modulated signal is processed and the component to a

given reference signal is output

3.3.6 Computer System and Installed Slot Cards

The electronic setup is completed with a computer system. The host computer
runs with a standard central processing unit (CPU) (Intel Pentium at 200 MFIz)
and is extended with different slot cards connected to the ISA or the PCI bus.

To drive the coarse positioning stages a stepper motor card (SM30 from Owis

GmbH, Stauten, Germany) is installed on the ISA bus. This card can drive up to

3 stepper motors in open loop mode and is able to interpolate a full-step of the

motor in 64 micro-steps. The stepper motor card hosts its own processor enabling
the system to position with individual acceleration and velocity for each channel

54 Design and Control of Sensor-Guidcd Nanorobots



Software

without any further interactions with the host processor after receiving a com¬

mand.

In addition, a IO-Card (ADIODA-12 extended from Messcomp GmbH, Wasser¬

burg, Germany) is connected to the ISA bus. The card features 32 AD, 4 DA and

24 DIO channels and is used for general, non-critical control tasks like controller

set point definition or programming of the synthesizer card.

To run time-critical tasks independently of the host computer a DSP board (Ful¬
crum DT3808 from Data Translation) is plugged to the ISA bus. DSP programs

can be loaded on the board and run under a real-time operating system (SPOX
from Data Translation). Furthermore, the board is equipped with 16 AD, 2 DA

and 20 DIO channels and used to control the whole AFM head.

Finally, a frame grabber card (Picport Stereo H4D from Leutron Vision, Glatt¬

brugg, Switzerland) is plugged to the PCI bus that allows to connect up to 4 CCD

cameras. This card enables the cameras to be run in different modes, i.e. normal

video mode with 50 interlaced frames per second or full frame mode with 25 or

50 non-interlaced frames per second. In addition, the frame grabber features spe¬
cial operation modes e.g. a pixel synchronous mode to prevent pixel jitter or long
integration time for low intensity images.

3.4 Software

3.4.1 General Overview

Fig. 3.17 displays the hierarchical structure of the software components. In

detail, the DSP software is responsible for the control of the AFM head as well as

for processing the local sensor signals. Over a communication channel both DSP

program and host program can exchange data. At the top of the whole structure

the user can interact with the system via the graphical user interface (GUI) of the

host computer.
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DSP Software

The DSP board can be progiammed with the standard C language syntax (DSP
Lab from Data Translation). The program is run in different priority levels,

namely two interrupt levels and the normal level, to enable quasi-parallel pro¬

cessing of multiple tasks. The lowest interrupt level is running with the highest
frequency and is responsible for the fine position calculation. This includes the

coordinate transformation, the hysteresis compensation for the x- and y- axis as

well as the voltage output.

The other interrupt task makes use of the underlying position calculation to gen¬

erate line scans for data acquisition. A sequence of point coordinates representing

a line scan is calculated and passed to the underlying level that moves the local
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sensor to each position to acquire the local sensor information at this point. This

working principle is different from commercially available systems which gener¬

ate the position information by calculating a voltage slope and directly output
this value to the high voltage amplifier. Our approach is more suitable for a robot

system because we get the full flexibility to freely position the local sensor tip.

The normal program level is responsible for the connminication between host

and DSP program as well as to process the commands from the user. This is done

by splitting up the commands (e.g. acquisition of an AFM image or tracking
along a user-defined structure) into single scan lines that will be processed in the

underlying interrupt levels.

Host Software

The host program on the other hand is implemented in the object-oriented lan¬

guage C++ (Visual C++ from Microsoft) applying standard libraries for program¬

ming of the graphical interface (Microsoft Foundation Class MFC from

Microsoft). The mechanical and electronic components (e.g. the coarse position¬
ing stage, the video sensor, the AFM head, etc.) are represented in individual

C++ objects to guarantee a modular design on the software side as well. Based on

these objects, further software modules are implemented in which necessary
functions are at the programmer's disposal. A detailed discussion of these func¬

tions can be found in the next section. The software concept allows one to easily
expand the system with new functions and operational modes as well as to

exchange certain software objects by different ones.

3.4.2 Necessary Functions for AFM Measurement Modes

Implementation ofAFM Data Acquisition Modes

To acquire local sample properties software modules with the necessary AFM

measurement techniques [Binnig86, Colton981 have to be implemented. On the

one hand, the tapping mode [Zhong93, Bumham97] is applied to gain the topo¬

logical information of the surface (fig. 3.18 a). The AFM cantilever is excited at

its resonance frequency co (typically 250 to 350 kHz). Near the surface the

oscillation amplitude is decreased due to surface interactions. A quadrant-detec¬
tor measures the vertical deflection signal of the cantilever. An RMS element

transforms this sensor output to the effective value that is then used to control the

z-position of the tip mounted on a fine positioning device. On the other hand, the
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Kelvin mode l!acobs97, Jacobs99j is implemented to obtain the surface potential
of the sample (fig. 3.18 b). The tip is positioned at a set distance to the surface

(typically 15 to 150 nm) and the force due to the electrostatic interactions is mea¬

sured with the detector. A lock-m amplifier (see section 3.3.5) processes the

modulated signal to extract the actual cantilever deflection which is then used to

control the DC voltage applied to the tip.
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User Interface

A graphical interface supports the operator, who often is not that familiar with

AFM techniques, to interact with the system (fig. 3.19). Via this interface the

operator can obtain information on the local and global sensor inputs, control the

coarse and fine positioning devices, and get graphical help while e.g. adjusting
the 4-quadrant detector or aligning the laser to the AFM cantilever.
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Fig. 3.19: Graphical user interface with windows displaying different sensor out¬

put as well as adjustment ofquadrant detector

Automated Setup of Topography Acquisition

In addition, some basic preparations and settings have to be made to run the local

sensor in AFM mode. First, the tip has to be tuned to find the resonance fre¬

quency with which the measurement is performed. The nanorobot can find such a

resonance peak automatically by sweeping through a user-defined frequency

range (fig. 3.20) and acquiring the tip response. Finding the maximum value
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yields the frequency of interest. The system also allows the operator to set the

frequency manually or to make changes after the automatic tuning.
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Fig. 3.20: Measured sensor tip response to find its resonance frequency

Automatic Tip Approach

Due to the fact that the xy coarse positioning stage cannot be mounted precisely
enough to keep the AFM tip inside its z fine positioning range over the whole xy

working range of 150 x 150 mm. the local sensor has to be withdrawn and reen¬

gaged from time to time. The nanorobot performs this task automatically by
adjusting the z coarse positioning device in such a way that the fine positioning
device reaches a middle position. Fig. 3.21 shows the voltage applied to the z-

piezo during automatic approach. In a first step the tip is coarsely approached to

the surface. After having reached it, the robot moves the stepper motor in fine

steps maintaining a constant cantilever deflection until the piezo tube gets inside

its target range.
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Fig. 3.21: Applied voltage of z-piezo during automatic approach ofAFM tip to
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Automated Setup of Surface Potential Acquisition

To acquire the surface potential, some further adjustments of parameters arc

required. Fig. 3.22 (a) displays the measurement setup for Kelvin mode where

the tip is held at a set distance from the sample and a rectangular voltage (b) is

applied as test signal to the surface. Depending on the phase offset (p of the refer¬

ence signal at the lock-in amplifier (fig. 3.18 b), the test signal can be reproduced
by the Kelvin mode controller. Hence, the precise setting of this phase is neces¬

sary to measure the electric characteristics of a sample. Jacobs discussed the opti¬
mization of surface potential measurement lJacobs98] and summarizes that the

output characteristics of the Kelvin mode controller 0KM is described according
to eq. 3.18 with r> denoting the phase shift of the plant. The phase cp can be

defined by the user and influences the quality of the measurement (fig. 3.22 c - f).

0
KM cos(f)-(p) (3.18)
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The nanorobot measures the signal output in function of the phase (p (fig. 3.23)

to find the optimal parameter setting. After finding the maximum in the signal

shape the optimal phase value can be found by adding 90° offset. This timing
function allows the operator to set up the Kelvin mode automatically without any

further knowledge of this measurement technique.
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Test ofImplemented Functions

When the AFM measurement modes (i.e. tapping mode for topography measure¬

ment and Kelvin mode for surface potential acquisition) are set up properly, the

user can start working with the system.

First, the operator can acquire AFM images. Fig. 3.24 displays as an example the

topography, the surface potential and the amplitude error of a test sample. The

sample consists of a glass plate on which salt crystals are spread. After that a

4 nm thick aluminium coating is vapor-deposited, the salt crystals are washed

away leaving a structure with aluminum and glass speckles. These glass spots
have a different surface potential that can be seen in the dark regions in the poten¬
tial image (c). Furthermore, the topography images (b) show that not all salt crys¬

tals have been washed away. All AFM images (a - c) exhibit the nature of SPM

measurement techniques using a raster motion to acquire data. Such sensor signal
can have short-time break-downs and sudden changes resulting in disturbance

lines in the images. Hence, such variations in the sensor performance have to be

considered when using these signals as controller inputs.
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Fig. 3.24: AFM image of test sample including amplitude error signals (fig. 3.18)

(a), topography (b) as well as surface potential (c)

Second, the operator can start the automatic feature tracking mode described in

chapter 4 by calling the necessary dialog (fig. 3.25). Along this GUI the user

defines the sample feature e.g. the gate finger of a transistor device and some

other tracking parameters to start the automatic data acquisition.
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Fig. 3,25: Graphical interface for tracking ofuser-defined structures e.g. guiding
the local sensor (AFM tip) along a gate finger of a HEME device
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Based on the setup introduced in chapter 3, a controller strategy is presented in

this chapter allowing the operator to define tasks which will be executed auto¬

matically by the nanorobot. To show an example of a possible implementation,
the tracking of IC structures is discussed in details. The user defines the feature

of interest according to his a-priori knowledge about the geometry and the sys¬

tem searches for the feature to track by comparing the actually measured sensor

signals with the user specified structure properties. During tracking, the feature

characteristics, i.e. topography and surface potential, are recorded for further

analysis, e.g. to find regions that must be redesigned.

4.1 General Controller Strategy

4.1.1 Overview

To achieve a higher level of automation the controller strategy must support a

task-oriented working principle. Such tasks (e.g. tracking along the gate finger on

a transistor for analysis) will be defined by the operator and then automatically
executed by the robot system. This approach enables us, on the one hand, to split

up complex tasks in a sequence of elementary tasks and, on the other hand, to use
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already implemented elementary tasks in order to combine them for different

analysis problems.

Based on a general architecture in which input signals are processed in a control¬

ler to generate an output (fig. 4.1), a new controller strategy will be designed.

First, we have to consider that a nanorobot has multiple sensors that measure on

different length scales. Local sensor data have nm resolution but a limited field of

view due to their proximity to the substrate. Global sensors provide far-field

information over a broad range but with low resolution. Consequently, the con¬

troller will use both sensor types to gain high resolution and far-field informa¬

tion. Then, the actuators may be split in a coarse and fine positioning device

which necessitates to coordinate them in order to position the sample under

investigation.

As user-defined tasks mostly are related to a structure (e.g. a transistor or a circuit

path), the sensor inputs must first be processed to extract the feature properties.
These may be the kind of feature (e.g. path, edge, etc.), its position, its orienta¬

tion, etc. Based on these properties, a behavior algorithm can be implemented. In

a subsequent step, the parameters of the tracking algorithm (e.g. the actual posi¬

tioning, the tracking direction, the step size, etc.) have to be transformed to a

positioning command.
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Fig. 4.1: General controller strategy. The user-defined features are located in the

sensor inputs. The behavior algorithm uses these properties to calculate a set of
new tracking parameters which are then transformed to a positioning command

In the design of a controller strategy it also has to be considered that signals from

local sensors measuring in the nano world are not comparable to data from the
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macro world. Local sensors can exhibit short-time break-down of the signal and

lose adsorbates can deteriorate the signal quality. In addition, die controller

should be capable to handle imperfections of the setup such as drift effects, small

errors of positioning devices and localization errors of the feature detection.

4.1.2 Implemented Tracking Controller

The controller structure has a cascaded structure: a local signal processing loop
running under real-time conditions on the DSP board processes the local infor¬

mation of the AFM tip. An overlaid global signal processing unit, running on the

host computer, analyzes the output of the vision sensor and supports the local

loop (fig. 4.2).
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Fig. 4.2: General overview of control structure. In the local signal processing
loop the SPM sensor data are processed to extract thefeature characteristics and

subsequent positioning commands are generated to guide the SPM probe along
the structure under investigation. The global image processing supports this

local loop by providing additional far-field information. The operator can inter¬

act with the controller in user mode byfeeding in a-priori knowledge of the struc¬

ture or changing parameters during trackini'c?
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Through a GUI, the user defines the necessary parameters of the task the system

has to perform, e.g. the geometric shape of an IC path to be tracked or the surface

potential distribution of a transistor to be analyzed. In the startup phase, the sys¬

tem then locates the feature resulting in a start point for the local signal process¬

ing loop. After that data acquisition is started in the local control loop. These data

are processed to locate of the user-specified structure within the data set. The step

controller calculates the next movement for data acquisition. The acquired infor¬

mation is needed in two ways: on the one hand, the local control loop uses it as

sensor input to track the feature and, on the other hand, it is stored for later evalu¬

ation of the structure. To support this local loop, a knowledge base stores the pre¬

viously detected feature positions and interpolates the trajectory. Furthermore.

the vision sensor provides additional information about the path trajectory laying
ahead.

The control structure can operate in three different modes. In the local control

mode, the system simply evaluates the local sensor information. In a semi-auto¬

mated mode, the user can interact with the local control loop and change parame¬

ters during tracking, e.g. the actual tracking direction or the step size. In the

automatic mode, the vision sensor replaces the user interactions and the tracking

algorithm considers local (from the AFM tip) as well as global information (from

the video microscope) to guide the probe along the structure.

4.2 One Example of a Tracking Algorithm

In this section, the general approach to a controller strategy for sensor-guided
nanorobots will be discussed in detail on the basis of an example. The introduced

algorithm allows the user to define a feature to be tracked. Based on geometric
data of the structure, the nanorobot can locate it and guide the local probe along
the trajectory to acquire topography and surface potential. The discussion is pre¬

ceded by an overview of necessary coordinate system transformations.

4.2.1 Necessary Coordinate System Transformations

In order to combine multiple inputs and outputs, the necessary transformations

between the different coordinate systems of the sensor and actuator devices have

to be found. The goal is to determine a transformation that compensates possible
errors due to non-orthogonal assembly of the test platform, further rotational
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errors due to tolerances in the system mounting as well as the scaling between the

different measurement units (an overview of possible error sources can be found

in [Zesch97bl). In the end, the fine positioning device (index /), the coarse posi¬

tioning mechanism (index c) and the vision system (index/?) are addressed in the

same units (fig. 4.3).

Fig. 4.3: Top view of coordinate systems in the sample plane and their transfor¬
mations where index p denotes the vision sensor, index f the fine and index c the

coarse positioning device

Translatory and Rotatory Transformations

We first discuss the problem of errors due to non-orthogonal coordinate axes of

the robot due to imperfection of device assembly or unequal behavior of power
electronics for different axes. Assuming that two axes (x,, y3) of a coordinate

system are misaligned by the angles 2, and % (fig. 4.4) in relation to an orthogo¬
nal system (.r9, y-, ), eq. 4.1 transforms the coordinates to an orthogonal system.
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Fig. 4.4: Overview of coordinate system transformations in a plane
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v.

cosç -sm%

sine, cos%

AV

(4.1)

Rotational error between two different orthogonal coordinate systems arise due

to imperfect assembly. These angles can be measured and are constant. Eq. 4.2

describes the rotation of a coordinate system with the angle a.

1

cos a -sin a

sin a cos a y~>
(4.2)

Due to the fact that the manufacturing tolerances are small for a video camera,

the vision sensor is used to measure the displacements of the fine (fig. 4.5) and

the coarse positioning device (fig. 4.6). These measured positions are interpo¬
lated to derive the ancles for the transformation matrices.
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Fig. 4.5: Displacement characteristic offine positioning device

70 Design and Control of Sensor-Guided Nanorobots



One Example of a Tracking Algorithm

The analysis shows that both positioning coordinate systems are to a first approx¬

imation orthogonal. The implemented controller will be capable to tolerate the

neglected error. Furthermore, we can set the rotational angle cc = 2.24 and

CG- = 11.35. The angle ß, can be set by the user and allows one to rotate the

coordinate system of the fine positioning mechanism.
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Fig. 4.6: Displacement characteristic of coarse positioning device

We can now define the transformations 7^ (eq. 4.3 - eq. 4.5) between the differ¬

ent coordinate systems (fig. 4.3) using a homogenous matrix description

lCraig89]. The translations v and i^ depend on the initialization of the posi¬

tioning devices and have to be determined at each startup using the video sensor

(see section 4.2.9).
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Scaling

In a final step all coordinate systems have to be scaled to the same units (e.g.

nm). This can easily be done with the transformation eq. 4.6 where i denotes one

of the coordinate system indices/?, c or/[Gonzalest)3].

7/7//

nm

nm

1

v.

o\ 0 0 v.
i

o sv 0 xi

0 0 1 _1_

Sx. (4.6)

In our case both scaling factors 51 and 5' of each direction are identical. The

fine positioning device is already scaled to nm units by the hysteresis compensa¬

tion. From measurements, the scaling factor of the coarse positioning mechanism

was determined to be 37.2 nm/step compared to a theoretical value of 39 nm/

step. The scaling factor of the vision sensor is 410 nm/pixel.

4.2.2 Startup Procedure

The tracking controller must first locate the structure to be tracked (functional
block 'startup' in fig. 4.2). Fig. 4.7 shows the signals that are used to calculate an

start point (fig. 4.8 a) for the local control loop.
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Fig. 4.7: Calculation of starting point based on measured data and a user-speci¬

fied model

The operator has to specify a region where to search for the structure (i.e. the

start and the end point of the search scan) and the approximate shape of the struc¬

ture. This is done by defining the parameters for a mathematical representation of

the contour e.g. the width b. the slopes y. or the heights ///. As an example, eq.
4.7 represents a line structure shown in fig. 4.7 (a). The advantage of using
smooth and steady functions instead of piece-wise linear functions is the fact that

the derivative of the mathematical model is a continuous function that can be

compared to other signals e.g. the amplitude error of the height controller

(fig. 3.18) which resembles the first derivative of the topography signal.
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h

z(s) tanh 2d'v+2
hn

+ — tanh 2tH
h, + h-,

+ 2zn + -±^^ (4.7)-0 2

The system then preforms search scans (fig. 4.7 (b)) and compares these data

f(s) with the calculated shape z(s) (eq. 4.7) lNalwa86].

f(s) • r(s) = j /(ot)r(s + oe)rfa (4.8)

Finding of the maximum value in the correlation of both signals (eq. 4.8)

[Gonzales93, Faugeras93, Ritter96l leads to the best fit of the defined structure

inside the region of interest and thus is used as a starting point for the following

tracking algorithm.

The concept of searching a feature by calculating a correlation between a mea¬

sured signal and a model can be applied to any physical data which mainly are

topography and surface potential in the current implementation. Combining sev¬

eral signals increases the probability of correct detection. By changing the model

(table 4.1), any feature (e.g. edges etc.) can be located. Although all parameters

have to be specified by the user, the feature localization produces good results

over a large range of values and hence they can usually be approximated by esti¬

mates known from the circuit layout or etching process (see section 5.1).

h Yi h2 Y2 b Feature Shape z(s)

<0 >() >0 <0 >0 J\_
Line Structure

Tab. 4.1: Different feature shapes and their corresponding parameters
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hl Yi h2 Y2 b Feature Shape z(s)

<0 >0 any 0 0 1
Edge Structure

<0 <0 any 0 0 \
Edge Structure

<0 <0 >() <0 >0 ^^
Structure Consisting of Two Edges

Tab. 4.1: Differentfeature shapes and their corresponding parameters

4.2.3 Data Acquisition

All SPMs work in a scanning mode by moving a local sensor in line scans across

the sample to acquire data. We extend this line scan functionality by allowing
free choice of start and end point of each line scan. Fig. 4.8 shows the principle
procedure for data acquisition. In a search scan, the structure under investigation
(e.g. a IC path) is located. Then, line scans perpendicular to the tracking direction

are performed under control of the local control loop to acquire data (functional

unit 'data acquisition' in fig. 4.2). This information is stored for further analysis.

Depending on the AFM measurement method, several different signals can be

obtained within one line scan. In tapping mode a line scan includes the topogra¬

phy and the controller error signal. When running the system in Kelvin mode, a
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line scan contains topography, error signal as well as the surface potential. Con¬

sequently we are talking of a vector of local data.

Fig. 4.8: 3-dimensional AFM image showing the data acquisition during search¬

ing and tracking of a line structure (a). Topography image displaying the feature

tracking (b) while s represents the scanning direction and t the perpendicular

tracking direction

4.2.4 Signal Checking

Whereas sensitivity and noise of far-field sensors normally are smoothly varying
functions with time and, hence, behave in a fairly predictable manner, near-field

sensors like our AFM tip may exhibit large variations in performance since their

signal transfer characteristics may change suddenly due to alternations of the tip

during scanning. For instance, lose adsorbates or dirt particles on the surface

affect the resolution of the probe and increase signal noise. Therefore, the sensor

data are first checked (module 'signal check' in fig. 4.2) according to a-priori

knowledge, i.e. we weighted the amplitude error signal as less reliable than the

topography and potential information due to its very strong dependence on noise

and system parameters like feedback gains. In detail, the weighting of the ampli¬
tude error is normally between 0-5 %, whereas the remaining range will be

assigned to the topography or in equal parts to topography and surface potential
when considering both signal types.

Furthermore, the signals are preprocessed to perform noise reduction and plane
offset corrections which are necessary to improve the result of the following
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steps. Depending on the applied signal filter, both noise reduction and feature

extraction can be combined in one calculation step to reduce computing time and,

hence, speed up the system (see section 4.2.5).

The static method actually implemented to describe the signal confidence is

based on experience gained during setup and testing of the current platform. This

method can easily be adapted to dynamic algorithms like a detector that can find

an outlier inside the sensor signal [Pearson98, Menold991 and correct it with a

suitable value or algorithm that compares the trace and retrace data signals to

derive a value for its confidence.

4.2.5 Signal Processing

The sensor-guided nanorobot must automatically track microstructures according

to user-made specifications. To compensate possible errors (e.g. drift, etc.), the

actual feature position is located at each cycle loop. This feature position is con¬

tained in the line scans and an on-line signal processing is used to extract this

information of interest (functional block 'signal processing' in fig. 4.2).

Different strategies can be applied to extract a position from a feature inside a

measured signal shape. The method of calculating a correlation has already been

mentioned. Considering the nature of SPM sensor signals we further need a noise

reduction before computing the correlation. Canny proposed a filter design which

performs noise reduction and feature detection in one step [Canny86,

Accame97]. No further knowledge about the feature is needed. Such Canny fil¬

ters were employed to reduce the computing effort of the sensor signals consider¬

ing the fact that the signal evaluation runs in real-time.

To find a filter that has a good detection behavior, i.e. whose localization of the

edge is good and that produces only one response to a single edge. Canny uses

numerical optimization to derive the shape of such an edge detection filter. An

efficient approximation for such filters is described with a first order derivative

of a Gaussian function. In other words, a simple Gaussian curve (fig. 4.9 a) (eq.

4.9) will smooth the signal, whereas the first derivative (b) (eq. 4.10) will detect

edges and the second derivative (c) (eq. 4.11) will find lines (see table 4.1).
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Fig. 4.9: Gaussian cuire (a) and its first (b) and second (c) derivative usedfor
Canny filters
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Fig. 4.10 illustrates the working principle of the filter: the measured signal f(s)

(a) is convoluted with filter g(s) (b) resulting in an output (c) (eq. 4.12)

lGonzales93k

f(s)®g(s) = f(a)g(s-a)da (4.12)

The extremum in the output signal indicates the location of the line. Depending

on the type of extremum a circuit path on a surface (maximum) or a groove (min¬

imum) is detected.

s [Pixel]

Fig. 4.10: Edge detection according to Canny: The input signal (a) is convoluted

with the filter (b) resulting in the output (c)
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Two parameters influence the precision of the filter result. First, the measured

signal is superimposed with a slope and an offset which can deteriorate the filter

result. Second, the filter parameter a controls the feature size to detect. Fig. 4.11

illustrates the resulting position of the convolution discussed in fig. 4.10 as a

function of the slope /// of the measured signal and the filter parameter a. We

can see that the signal processing calculates a good answer in a wide range which

can be seen in a flat plane (dark shading). The correct answer of 63 pixel can be

found by setting the parameter a to about the half width b of the feature (eq.

4.13).

Fig. 4.11: Filter response in function of the input slope m and the filter parameter
cj for the example shown in fig. 4.10

cs = 2b (4.13)

Furthermore, it can be seen that the filter result does not vary much for small

slopes. We, therefore, suggest a rather simple way to compensate the offset and

the slope of the sensor signal. We calculate the mean values of the first (z, ) and

the second (z0) half of the N data points zk (k = I...A) within one line scan.

The offset O and the slope m for the compensation is calculated according to eq.

4. J4 and eq. 4.15.
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Zi + Z0

O = -i-^ (4.14)

«1 = 2-^ (4.15)

Based on these values the compensated data points zk are computed (eq. 4.16).

z%c
= :k-0-k-m (4.16)

We discussed the signal processing step based on the topography information.

The proposed concept can easily be adapted to other signals like the surface

potential, the deflection of the cantilever or amplitude error of the tip-sample dis¬

tance controller (fig. 3.18 a). The signal processing step results in a vector of

potential feature positions.

4.2.6 Fusion

In this step, the potential feature positions p • of each signal j in every cycle / of

the local control loop have to be merged to a single result p. n (module 'fusion'

in fig. 4.2). Considering the fact that SPM signals may contain imperfections, not

all filter responses have the same quality. Thus, the fusion is performed by evalu¬

ating a weighted sum (eq. 4.17).

P;\0
= £"/,//, 7

(4-17)

/

The weighting factor a-t is composed of two factors which estimate the quality
of the position p. ..

On the one hand, we consider the signal confidence c- cal-
<j / hi

ciliated in the signal checking step (see section 4.2.4) and on the other hand we

assume that results that are far awav from the tracking trajectory p- are less

reliable than those who are close. Hence, the weighting factor calculates accord¬

ing to eq. 4.18 and eq. 4.19 considering that the sum of all weighting factors must

be equal I.

a

c .

w

PurPuc
(4.18)
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a

a,
hl

hi
(4.19)

/

The fusion result is then transferred to the knowledge base for further calcula¬

tions. In return, we get the parameters for the actual trajectory.

4.2.7 Knowledge Base

To get stability of the local control loop against short-time signal blackouts, we

implemented a knowledge base (functional unit 'knowledge base' in fig. 4.2) that

stores feature positions extracted from the last M control cycles of the local loop.

Based on these data a regression algorithm is applied to extrapolate the future

path trajectory. In the current setup, we assume that the trajectory is a line

(fig. 4.12). This does not limit the system because we only store the last M data

points and, therefore, a direction change will sufficiently be detected. With the

parameter M the behavior of the knowledge base can be controlled. The larger

the value is chosen, the longer it takes to update a direction. Experiments have

shown that a good value of M is 20. However, the interpolation could easily be

expanded to a higher order by using splines or polynoms if needed.

Feature

Position

Interpolated
Trajectory +/jT +

(P \.

y = m x + b

-x

Fig. 4.12: Linear interpolation of foundfeature positions

The mathematical problem is to find the parameters of the line m and b which

best fit the feature positions (v, y) • (eq. 4.20).
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The problem is known as least square fit. The solution for m and b can be calcu¬

lated using the pseudo inverse matrix X defined in eq. 4.21 [Stoer79],

_l TV\-\
= X y =

(x'xyx'y (4.21)

Besides the parameters m and b for the interpolated trajectory, the knowledge

base also stores the actual position of the feature /v n (see section 4.2.6), the step

size 7/, the scan line length as well as the weights for the signal fusion.

The calculated tracking parameters can now be passed on to the fusion module

for further tracking based on local information. The knowledge base can also

interact with overlaid processes, namely the user or the global image processing.
Both the operator and the vision sensor subsystem can communicate with the

knowledge base to get the actual values of the parameters or to change them.

Update of m

Virtual Points

Update of u
+ Feature Position before Update of m

o Feature Position after Update of m

x Feature Position after Update of u

Direction
-x

Fig. 4.13: Updating ofparameters namely the tracking direction m and the step

size u

Fig. 4.13 displays the situation during the update of parameters in the knowledge
base. If the global image processing unit or the operator changes the tracking
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direction m, the knowledge base is updated by calculating M virtual points lying

on the trajectory of the new direction. These points are then modified with the

newly found positions in the local control loop to correct changes in direction.

The step size u is modified at less critical sections of the trajectory to speed up

data acquisition and can be done without calculating new virtual points in the

knowledge base.

4.2.8 Step Controller

The step controller (functional block 'step controller' in fig. 4.2) completes the

local control loop and is designed to transform the actual set of tracking parame¬

ters into a new position for the next line scan. We define a scanning direction s.

(eq. 4.22) perpendicular to the tracking direction t, (eq. 4.23) (fig. 4.14) based

on the calculated parameters of the knowledge base (eq. 4.24).

cosG

.se =

-'

sinO?.

t. =

/;;. = tan (p. (4.24)

( xo Yo ), V"
( xc ' Yc)i+1

y = m, x + b,

+ Actual Feature Position after Fusion Step
-x o Calculated Feature Position in Step Controller

Fig. 4.14: Tracking trajectory and calculated steps for delta acquisition (fig. 4.8)
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We then compute the distance a- of the last feature position (vn, yn). determined

in the fusion step (see section 4.2.6) from the interpolated trajectory obtained

from the knowledge base (see section 4.2.7) (eq. 4.25 and eq. 4.26) where ch

denotes the distance of the interpolated trajectory to the origin.

ai s - d-
-i i

(4.25)

</,.= <c = /;.sinO. = Z>.cos(p.

.j i i i
l i

(4.26)

Once the trajectory point (a\, y,). has been determined (eq. 4.27), the next step

it- can be performed. This new position (a\, y ,). (eq. 4.28) is passed to the

data acquisition module (see section 4.2.3) to generate the next line scan.

- a .s.
i -i

(4.27)

v
/+ 1

+ u-t
,

7_/
(4.28)

•j /

Apart from the step calculation, the step controller is also responsible for the

coordination of fine and coarse positioning device. After calculating the new

position, the module compares the coordinates with the overall working range of

the fine positioning device. If the new position is outside the working range, the

offset in the transformation matrix is recalculated and a coarse position step is

performed in order to move the new position into the middle of the fine position¬

ing range. In the current setup, the coarse positioning step is done in open-loop

mode which has proved to be precise enough to run the robot system properly.
The precision of the stepper motors is sufficient not to lose the tracked feature

during repositioning. With different coarse positioning devices, problems may

arise by losing the feature to track. In such cases, a search scan (see section 4.2.2)

could automatically be initiated to relocate the structure and get a new start point
for tracking.
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4.2.9 Image Processing

To nm the sensor-guided nanoiobot without any usei mtetaction dmmg Hacking,

additional mfoimation about the featuie tiajectoty lying ahead of the local sensoi

is needed Image piocessmg algouthms aie applied to extiact the nccessaiy data

horn the video micioscope sensoi (module 'image piocessmg' m fig 4 2) The

goal ot such algouthms is to suppoit the local control loop at cutical points (1 e.

ciossmgs of two paths, junctions, 90° change m duection and steady diiection

changes exceeding a piedetmed angle) wheie it is not possible to get enough

mfoimation about the lutine path tiajectoi) iiom the local sensoi only Fig 4 15

displays some test stiuctuies used to check the capabilities of the global sensoi to

detect cutical points such as ciossmgs of cncuit paths, junctions oi changes m the

diiection

Fig. 4.15: Test stiuc tin es it ith diffeient cutical points to detect
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This tracking algorithm is integrated in the GUI of the nanorobot which allows

the user to interact with the system by choosing the direction at junctions to

define the path to investigate. Then tracking can be started and the nanorobot

acquires the data along the user-defined path.

In addition to the analysis of the path trajectory, the global sensor also has to

measure the translation vectors of the transformation matrix discussed in section

4.2.1. The tip has to be found inside the CCD image which is equivalent to the

determination of the translation vector between the fine positioning and vision

coordinate systems. Furthermore, the structure of interest (e.g. the HEMT) has to

be located. This requires the calculation of the translation between the coarse

positioning and vision coordinate systems.

Feature Detection

To generate a list of all critical points, first the edges and lines in the image have

to be detected. This is done using Canny filters fCanny861 (see section 4.2.5).

Compared to Sobel, Prewitt or Roberts edge detector filters [Gonzales93,

Ritter96j, the computational effort is slightly higher but the result images benefit

from the smoothing character of the Canny filter. To extend Canny filters to two

dimensions (fig. 4.16) we use a Gaussian surface G(a\ y) according to eq. 4.29

with a unit volume.

(\- + \-\

G(x,y) = —L_c K 2°2 J
(4.29)

2na-

Similar to the one dimensional case, we can calculate the first derivative to detect

edges and the second derivative to find lines. Because of the two dimensions of

the function, the derivative can be calculated in different directions. Therefore,

the resulting filter is strongly sensitive to edges and lines lying along or close to

the direction of the calculated derivative. To reduce the computational load for

detecting features over the full 360°, the algorithm only uses four filters with the

direction of 0° G'0(a\v) (eq. 4.30), 45° G45(x,y) (eq. 4.31), 90° G'90(a, y) (eq.

4.32) and 135° G'l35(.\\ y) (eq. 4.33).

G0(a-,v) = --^-e [ 2a:
(4.30)

27IG4
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X2 4. y2

G'45(v,y) = -S^l-e { 2°2 '

(4.31)

G'i35(A',y) =

-^^V
v -"'

(4.33)

G'soCï, v) = --^ ^ 2cT" '

(4.32)

A- + v-

(x-y) fX~J&

2j2nc5A

The four line filters with the direction of 0° G"0(x,y), 45° G"45(A-,y), 90°

G"90(a, y) and 135° G" ^^(x, y) are represented mathematically by eq. 4.34 -

eq. 4.37. In all filters, the parameter a controls the noise-filtering performance
and the feature dimensions to be detected. Furthermore, the computing time of

the filter depends linearly on the parameter cr i.e. with an image size of 768 x 576

pixels and o~ = 1 we have to perform about 1.6 • 107 arithmetic operations.

( x1 + v-

G"0(.v, >') = ( -^7~f V 2°2 '

(4.34)

yi+22

tf"45(-W) = I i:LLT-r:-:k
V

2°2
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Fig. 4.16: 2D Gauss curve G(a% y) (a) and its first derivation in x-direction

G\y(x, y) (b) as well as its second derivation in x-direction G"0(a-, y) (c) and y-

direction G"9q(a*, y) (d) used as Canny filters

Depending on the feature to be detected, the source image from the CCD camera

is convoluted with either the four edge or line filters. Fig. 4.17 (a) displays a test

image in which the edges have to be detected. After having convoluted the source

image (a) with the edge filters, four temporary images result describing the found

edges close to each filter direction. These four images can be merged into one
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single image in which the gradients are contained independent of their directions

Fig. 4.17: The Siemens star used as test sample for edge detection (a) with the

found edges (b), the gradient image (c) and the corresponding edge direction (d)

using a o of 1

In a next step, the edges are extracted applying an algorithm called non-maxi¬

mum suppression [Gerig96]. Due to the fact that an edge is represented by a high
filter output (in the image represented by brighter color values) and that the filter

response is the stronger the closer the filter direction is to the edge direction, this

algorithm runs through all image pixels and compares the color values of all four

filter results. By finding the maximum and skipping the other values, this extre¬

mum can be stored in an image including all edge positions (fig. 4.17 b). Further¬

more, the direction of the filter with the maximum response can be stored in a
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second result image (d). In this way, two new images are generated with the

information of the edge position in the image as well as the best prediction of the

edge direction. Fig. 4.17 shows these result images and proves that the limitation

to four filter directions is not very restrictive.

Extraction of Critical Points along a Tracking Trajectory

After the feature detection (i.e. detection of lines or edges), an additional step of

image processing must be added to extract the critical points from the found

edges or lines. For this reason, the bitmap image (fig. 4.17 b) has to be trans¬

formed into a vector image where lines are represented by their parameters and

not as a sequence of pixel points. This is a well known problem in computer

vision. Hough [Duda72, Illingwoith88J proposed a transformation which allows

one to convert a pixel image to a vector image in order to get the parameters of

the lines in the image. The problem with the Hough transformation is its high

computational load and large memory use that scales with the number of parame¬

ters. Due to this, we decided to take a different approach to extract the feature tra¬

jectory parameters and especially their crossing points, start and end positions. In

the following the critical points are called 'event' due to fact that all events are

laying in sequence along the path trajectory. We distinguish start (beginning of

trajectory), stop (end of trajectory), curve (direction change exceeding a pre¬

defined value) andjunction (two and more possible new directions) events.

CCD

Image

0° Edge Filter

45° Edge Fitter"

90° Edge Filter
, +

135° Edge Filter^

Non-Maximum

uppression Edge
Image

Line

Search Event

List

Event

Reduction Event

List

Feature Detection with Canny Filters Event Detection

Fig. 4.18: Schematic overview of image processing algorithm to extract critical

points in circuit paths

Fig. 4.18 displays the basic working scheme of our image processing algorithm.

First, the CCD image is convoluted with the four edge detecting filters. After

fusion to one resulting image including the edges and their orientation, this out¬

put image is fed to a line tracking algorithm which searches for critical points

along an edge line such as crossings of circuit paths, junctions or changes in the

direction. In the end, this list is reduced to avoid double entries of the same event.
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The tracking begins either at a user-defined starting point selected through the

GUI or it is calculated based on the start point of the local loop automatically

found by the system (see section 4.2.2). As shown in fig. 4.19, the algorithm first

checks if the edge trajectory goes straight on. If this is not the case, the existence

of a curve is tested. The tracking either stops by generating a stop event entry, if

no curve is found, or it puts a event 'curve' into the event list. Finally, the track¬

ing mechanism examines the edge trajectory for a junction event and performs a

next step starting the whole event-search over again. This method is similar to the

working principle of the local control loop where the local sensor (i.e. the AFM

tip) is guided along the feature based on actually measured data.

Go Straight
On?

Fig. 4.19: Flow chartfor event detection in global sensor information

In general, the algorithm runs along a line by looking at the adjacent pixels in the

edge image to decide whether a feature is present or not (fig. 4.20). To detect a

straight line, the pixel values along a set direction are added. This is done with

several directions in a limited sector around the working direction. The largest

sum of pixel values of these directions represents a possible new direction (see

fig. 4.20). Hence, the algorithm tracks along the direction with the smallest edge

gradient meaning it follows the strongest response of the edge filter. Thus, the

algorithm finds the middle line of the feature trajectory. Applying a threshold to

this sum minimizes the detection faults of new directions. For the definition of

the angular range antagonistic demands have to be considered. On the one hand,

the range should be as small as possible to avoid false detection of junctions or

curves. On the other hand, it should be reasonably large to allow for modest cur¬

vatures of the trajectory. In our setup an angular range of ±5° has shown to be a

good compromise.

A similar working principle is used for the detection of curves and junctions. The

only difference is that the pixel values are added in the whole range of 360°
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around the actual position (see fig. 4.20). If there are several possible answers,

the one closest to the actual working direction is chosen. To distinguish junctions

a minimal angular difference between evaluation direction and trajectory direc¬

tion has to be distinguished. In our implementation this value is set to 30°. After

these checks the algorithm moves a step further in the identified direction and

repeats all the calculations. The step size is set to 3 pixels in the current setup.

JSelpirëctîôn for

|Sun|»Tiing\Oi Pixel

fÄüaF^
iositionJ

AngulàrJ
,:Range:f

Straight Forward /

Detection '-,.]
Junction Detection

Direction with

Highest Sum
of Pixel Values Step Size
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8ä85Ü«SHWS4iiSMK»*«SK»JSi».¥

ww«§^> |J*. >~|j^ m^.^, : • ^p „^J^, «|^. —^"

Straight Forward

Stepping

Curve Detection

Fig. 4.20: Working principle for event detection

Reduction ofExtracted Events

After the event extraction, a list is generated containing all information about

critical points along the trajectory. In this event list, the type of event (i.e. curve,

junction, start or stop point) is stored together with its position in pixel coordi¬

nates. Depending on the event type, additional information is available (e.g. the

new trajectory direction at a curve event or the alternative directions at junc¬

tions). The number of events in the list depends on the source image, the shape of

the path trajectory and its length and often there is more than one entry for the
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same event. Therefore, in a next step these list entries have to be analyzed and

checked for duplicates (fig. 4.21).

Fig. 4.21: Source image (a) with detected critical points before (b) and after (c)

event reduction

The first criteria for a reduction of two events of the same type is the distance

between their positions (xvy1) and (x2>y2) (fig. 4.22). If the distance is

smaller than a given threshold dmax the fusion of these events is possible (eq.

4.38). A good value for this threshold is 10 -15 pixels which is sensor-dependent
and in the current setup (see section 3.2.3) equivalent to 4 - 6 pm.

(A1-A"2)-+(yi-v2)-<^/777a \
(4.38)

In addition, for junctions, the angles of the alternative direction may not differ

more than a maximum angle xmax (eq. 4.39). As already mentioned, this angle is

set to 30°. Therefore, two trajectories will only be distinguished by the algorithm

if their directions differ by more than 30° as can be seen in fig. 4.22 where event

J and 2 are not fused. This is not a real limitation because we are working prima¬

rily on integrated circuits where wires usually cross at 90° or 45°. Nevertheless,

these parameters can be adapted to other needs.

%[ ~ %2 < ^
^ma\

(4.39)

If these criteria are met the two list elements will be deleted and a new event

entry is generated with the new position according to eq. 4.40 and eq. 4.41.
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xl + X2
(4.40)

);i+3;2
(4.41)

Furthermore, the direction is set according to eq. 4.42 for a curve event (event 4

and 5 in fig. 4.22) and according to eq. 4.43 for a junction event (event 2 and 3 in

fig. 4.22).

Xn ~ %\ + %2 (4.42)

X,
Xi + X2

(4.43)

r4
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Fig. 4.22: Principle working scheme for event reduction before (a) and after

fusion of events (h)

Fig. 4.23 shows the capabilities of the implemented tracking algorithm on the test

structures. The results are very good and all critical points at which an interaction

with the local control loop is required are detected. Compared to the Hough

transformation, the computational load is much lower. We measured an average

calculation time of about 150 ms for one trajectory search. This value depends

linearly on the length of the path.
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Fig. 4.23: Result ofevent detection with source image (a), image ofdetected lines

(b) and trajectory image with critical points (c)
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All thresholds and setting values mentioned above depend on the microscope

magnification, the size of the CCD pixels and the structure under investigation as

well as the illumination and are valid for the current platform (see section 3.2.3).

Obviously, all parameters can be changed by the operator and hence the system

performance can be adapted to different setups.

After extraction of the event list, the global image processing is ready to support

the local control loop. After starting the tracking the actual feature position calcu¬

lated in the fusion step (see section 4.2.6) is compared with the entries in the

event list. If one entry is matching, a critical point (see fig. 4.15) is reached and

the local loop needs assistance. Through the knowledge base (see section 4.2.7)

the tracking parameters (e.g. the new tracking direction) are updated (see

fig. 4.13). In this way the AFM tip is guided through critical points along the path

trajectory.

Feature Localization

Beside the extraction of critical points, the video sensor is needed to locate struc¬

tures (i.e. the feature to investigate or the AFM tip) inside the image and hence to

derive the translations between the coordinate systems (see section 4.2.1). The

problem of finding a feature in a CCD image is well known in image processing
and can be solved by calculating the correlation between a template and the

image [Gonzales93, Castleman96]. Fig. 4.24 displays the result of finding an

AFM tip inside an image. The mask can be derived from a real image in a

unprocessed (c) or processed (d) representation as well as from a drawn version

(e) based on the theoretical and geometrical data.

A template representing the feature to be located (fig. 4.24 c, d, e) is correlated

with a taken image (fig. 4.24 a) from the CCD camera. Finding the maximum

value inside the resulting image (fig. 4.24 b) leads to the best fitting point of

mask and image. After that, a given offset is added to the coordinate which

describes the point of interest inside the mask. Calculating both AFM tip (x, y)T
and HEMT position (a, y)s leads to the resulting translation vector v that

enables the system to move the tip to the HEMT for further investigation

(fig. 4.25).
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Fig. 4.24: CCD image with bestfitting mask position (a) as well as the correla¬

tion image (b) and three possible masks such as real image (c), processed real-

image (d) and theoretical (e)

Fig. 4.25: Measuring oftranslation vector between AFM tip andHEMT structure

(a) with correlation (b) and different masks (c and d)

The main problem of this calculation is the high computational load. Fig. 4.26

shows the antagonistic behavior of calculation time and localization error of the

correlation as a function of the considered mask points. A value of one means

that all mask points are considered in the correlation whereas a value of ten

means that only every tenth mask pixel in a regular raster is considered. On the

one hand, the more mask pixels are ignored the faster the correlation is calcu¬

lated. On the other hand, the less information that is considered, the higher the

localization error will be. Therefore, a good compromise between these two ten-
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dcncies has to be found. Experiments showed that a value between 5 to 9 leads to

good results while keeping computation time at a minimum. The precision of this

correlation calculation is good enough to fit the actual needs. In case higher pre¬

cision is required, the image processing can easily be replaced by other algo¬

rithms, e.g. a program module that can calculate subpixel resolution

[Brandstein95, Danuser97, DanuserOOj.
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Fig. 4.26: Relationship between calculation time and localization error from the

considered mask points of a source image (757 x 546 pixels) correlated with a

mask (152 x 219 pixels)
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Benchmark Tests and

Applications

In this chapter, the performance of the controller structure introduced in chapter 4

is evaluated using different benchmark tests. First, the primary tracking strategy

based only on local sensor inputs is investigated. In a second step, the system is

tested on microstructures where local as well as global sensor data have to be

used to follow the user-defined structure over a long distance. Finally, the system

has to prove its capabilities on ICs. namely on field effect transistors. Here the

electric field along the gate finger will be calculated based on the data acquired

during tracking along the structure.

.1 1 racking Based on Local Information

The system is first tested in the local control and the semi-automated mode as

introduced in section 4.1.2. The structure under investigation is a micro fabri¬

cated heating coil (fig. 5.1) with a width of 10 pm and a length of 12 mm

lBächi991. The coil is mounted on a glass plate and consists of a 300 nm chrome

layer and a 200 nm aluminum layer. The sensor-guided nanorobot has to track

along the coil to acquire the topography. This information is required to judge
whether there are faults in the structure or not.
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Possible

nterruptions
100 um

Fig. 5.1: Top view image of the heating structure and the local sensor of the sen¬

sor-guided nanorobot

^>>---Search Scan

P";Signal:Change ^Drjft"

:; I

Fig. 5.2: Ibpography data of circuit path (b) as well as different phases during
tracking along the circuit path (b)
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Fig. 5.2 shows the result of this analysis. The system first is taught the approxi¬

mate shape of the structure (see section 4.2.2). Based on the above mentioned

geometric properties, we set the parameters for the analytic model to a structure

width of 10 pm, the height to 500 nm and the angles to 90°. After defining a

search range the system starts in a search scan to locate the structure. Following

localization the structure is automatically tracked while acquiring the topography

information. The tracking parameters are set to 300 nm as step size and 65 pm as

scan line length. At the 90° bends, the operator has to change the tracking param¬

eters manually because tracking around such edges is difficult for the AFM tip

which relies on local information only. To run the system in the fully automated

mode, these manual changes are replaced by the global vision control.

It clearly can be seen that the implemented controller strategy easily finds and

follows microstructures (fig. 5.2 b). It is also possible to interact with the running

controller and change e.g. the tracking direction, Furthermore, the nanorobot can

handle signal changes due to short sensor break-downs without losing the trajec¬

tory of the path. These data are acquired without any hysteresis compensation of

the fine positioning device. This proves that the nanorobot is flexible enough to

deal with drift and non-linearities of the piezo tube and can compensate these

effects during tracking the structure of interest.

To further check the abilities of the system microstructures with a width of 1 pm

have been manufactured. The parameters for feature localization are determined

based on the manufacturing data and set to 1 pm for the structure width, 30 nm

for the its height and 90° for the angles. The scan line width is 3 pm while the

step size is changed by the user during tracking. Fig. 5.3 (a) shows a rectangular

structure on which the nanorobot can be tested. The system is able to find and

track along the structure (b). The operator can interact with the local control loop

during execution e.g. by manually changing the step size at less critical locations

(c) in order to speed up data acquisition.
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Fig. 5.3: Fest stiuctuie with 90° bends (a), results of structure localization and

tiackmg (b) as m ell as interaction w ith the conti ol loop by changing the step size

(c)

Fig. 5.4: 5*117// stiuctuie (a) and tracking result along the path (b)

Fig 5 4 (a) displays a swnl stiuctuie with similar geoinetiic piopeities as the

lectangulai stiuctuie in fig 5 3 Foi this leason, the tiackmg paiameteis aie kept
dorn the pi evious experiment The system fust missed the starting point (b) due

to an mcoiiect set of staitmg lange paiameteis Howevei, after some tiackmg

scans, the nanoiobot hits the stiuctuie and follows it The controllei is able to
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compensate the plane offset and the slope of the sample that can be seen in the

grading of the background from white to black (a). Furthermore, the operator can

change the tracking angle during execution which is done between each phase of

the tracking sequence (b).

5.2 Tracking with Local and Global Information

After having proved the capabilities of the local control loop, the sensor-guided
nanorobot is tested in the automatic mode including the global image data as well

as the coarse positioning. This is done on the microstructures already introduced

in section 4.2.9 (fig. 4.15). The feature width is 1.5 pm and the structure height is

approximately 150 nm. In addition, a value of 90° for the angles, 5 pm for the

scan width and 100 nm for the step size are used as tracking parameters.

Fig. 5.5 shows the principle working scheme. After definition of the region of

interest and the input of the a-priori knowledge of the structure by the operator,

the global image processing acquires data (a) to extract an event list of critical

points (b). Then, the system starts to search for the structure and tracks it while

changing the tracking direction at the critical points (c). Thus, the sensor-guided
nanorobot is able the use global (from the video microscope) as well as local

information (from the AFM tip) to find and follow user-defined structures auto¬

matically.

Fig. 5.5: CCD image of line structure (a) and critical points found by global
vision sensor (b) as well as the AFM topography data (c) of tracking sequence
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Fig. 5.6 (a) shows an image of a structure with 90° direction changes after apply¬

ing the edge detector filter. The system is capable of following the path without

any further interactions by the operator. Furthermore, the system is able to repo¬

sition the sample in case the fine positioning device has reached its working

range limits (c). In this case the tip is moved to the center of its working range

and the coarse positioning device is repositioned by the distance between the

actual measuring point and the center of the fine positioning device.

Fig. 5.6: Result image ofglobal edge detection (a) as well as critical points

along the path (b) and tracking data ofAFM topography (c)

The sensor-guided nanorobot can also detect junctions of paths. Fig. 5.7 (a)
shows such an example. The global image processing applies the edge detector

filter (b) to detect the events (c). In case of a junction event the system makes a

suggestion for possible further direction (e). The operator can interactively
change this to an alternative direction (f) via the GUI. After the definition of the

desired path, the system starts to acquire the topography information of the struc¬

ture (d).

106 Design and Control of Sensor-Guided Nanorobots



Tiackmg with Local and Global Infoimation
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Fig. 5.7: CCD image of test structure (a) with result image after edge detection

(b) as well as critical points along the path (c). AFM topography data (d) as well

as suggested direction for tracking (e) with possible alternatives (f). Further¬

more, (x,y) coordinates calculated bv the local control loop during tracking

Due to the fact that the path trajectory is larger than the working range of the fine

positioning device, the controller first guides the AFM tip to the end of the work¬

ing range (range 1 m g) and initiates a coarse positioning step. After that the

tracking can be resumed m the new working range (range 2 m g). In the current

implementation, the AFM data before and alter repositioning are recorded with¬

out any further corrections because the precision of the coarse positioning device

is high enough for the size of the structure under investigation. This leads to a

small offset in the acquired image. To compensate this offset in the measured

data, an overlap of both ranges could be programmed and a corielation
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[Gonzales93, Castleman96] of both image oveilaps could be calculated to match

both paits.

Scan

Fig. 5.8: CCD image of the test stiuctuie (a) u ith the result image of edge detec¬

tion and ci iticalpoint detection (b) as n ell as AFM topography information (c)
and curve e\ ents u ith new tracking direction (d)

The sensor-guided nanorobot can automatically tiack along tiaiectoiies with

bends and junctions using local as well as global mfoimation. Taking advantage
of the information about stages lying ahead ot the local sensoi "s actual position

the step size is incieased dutmg backing (fig. 5 8). Furthermore, the vision data

nnpiove the stability ot the system

To summarize, the sensoi-guided nanoiobot has pioved its capabilities to track

usei-delined stiuctuies relying on local AFM and global CCD image data. In a
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next step, the introduced system will be used for investigating transistor stiuc¬

tuies.

5.3 Tracking on Transistor Structure

During the design of integrated cil cuits, information about the quality of the

structures and their electrical performance are important to deuve criteria for

optimization. The task-oriented woikmg principle of the sensor-guided nanoro¬

bot supports such investigations by automatically acquire the rcquned data.

Fig. 5.9: Video microscope image of the transistor structure (a) with AFM topog¬

raphy image (b) boundaries as well as tracked trajectory data (c)

Fig. 5.9 shows the analysis of a transistor structure. To judge the quality of the

structure and especially the gate finger, the light microscope image (a) is used for

far-field observation of the specimen. Apparently, the micro fabrication process

was successful and all elements seem to be reproduced very well. Unfortunately,
the resolution of the light microscope is not high enough to view details of the

gate finger. To gain local high resolution data, near-field information could be

obtained with a AFM system in a conventional way, i.e. by acquiring a topogra¬

phy image (b) of the gate area. A much more efficient way on the other hand

makes use of the abilities of the presented system by allowing the operator to

define the approximate shape of the gate finger and start the automatic data

acquisition along it (c). Based on this information, it can be seen that indeed the
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gate finger has no damages. The result proves that the nanorobot can perform this

task and hence speed up and simplify such investigations of gate areas.

Fig. 5.10: Eight microscope image (a) with boundaries of AFM topography (b)
and sinfacepotential image (c) as well as tracking of the gate finger (trajectory

1) and a transistor edge (trajectory 2). Acquire data of topography (d, g) and

surface potential (e, h) during tracking and the calculated electric field (f i)

The multifunctional characteristic of the local sensor can be used to derive infor¬

mation about the electric performance of a transistor structure. Fig. 5.10 displays
a transistor specimen where the performance will be examined. The far-field

observation (a) reveals no serious damage of the structuie. First, the gate finger is

tracked (trajectory 1 m (b)) and a damage gets exposed (d). Based on the

acquired surface potential (e), the electric field (f) can be calculated. It has to be

remarked that the apparently high electric field at the edges of the tracked data

region is due to the calculation algorithm that produces high values at the transi¬

tion of the data region to the background. Hence, these results do not correspond
to an existing field on the specimen.
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Whereas the first trajectory points in the correct direction cp (,
the second trajec¬

tory (trajectory 2 in (b)) is intentionally set to a direction (f)0 differing from the

structure under investigation. The controller was not allowed to adapt this direc¬

tion and hence adjusts the remaining tracking parameters (i.e. the offset of the

interpolated line) according to the extracted feature positions. It clearly can be

seen that the local control loop is capable of handling inaccurate settings and

nevertheless can perform the task of tracking an edge. The analysis of the

strength of the electric field (i) calculated based on the topography (g) and the

surface potential (h) shows no high regions where disruptive discharges could

occur.

It has been shown that the presented sensor-guided nanorobot is a powerful and

flexible tool for an automated analysis of integrated circuits. The task-based

working scheme relieves the operator from acquiring image by image by just

defining the task the system has to perforin.
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6.1 Conclusions

As already pointed out in the introduction, the goal of this thesis was the design
of a control strategy to meet the requirements of an automatic machine working

in the (sub)micro world. The system must combine local information accessed by

e.g. SPMs, global information e.g. from a video microscope and a-priori knowl¬

edge to perform predefined tasks. This fusion allows one to obtain high resolu¬

tion data from a multi-functional sensor as well as far-field information of the

specimen.

First, a new generation of tools was developed allowing the micro world to be

accessed in order to manipulate micro objects. These manipulators arc equipped
with an integrated sensor to measure the tool-object distance. Based on this sen¬

sor automated tasks can be implemented in a robot environment, e.g. collision

avoidance to prevent tool damage or automatic approach to a micro particle.

In a next step a test platform was designed to evaluate control strategies for the

nano world. The actual setup relies on an AFM tip as local tool. The multifunc¬

tional characteristics allows the topography as well as the surface potential to be

measured. These data are needed to optimize IC structures. To extend the current

system to other applications (e.g. automated assembly of micro fabricated parts

with the glass pipette) special emphasis was laid on a modular design of the

whole robot system. Based on this platform the controller is implemented. An
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easy-to-understand interface to the system enables the application in industrial

environments where users most often are not familiar with AFM measurement

techniques. For this reason, the sensor-guided nanorobot supports the operator

with automated routines to set up the measurement modes.

A control loop processes the actually acquired data from the local sensor in real¬

time. This on-line data processing enables the robot to use the AFM tip not only

as very sensitive measurement tool with high resolution but also as sensor to

obtain information about the actual situation on the sample surface. Flence, the

operator does not have to acquire images as with a microscope to get the needed

data about the structure but defines the feature of interest based on his a-priori

knowledge to start the automatic data acquisition along the desired feature trajec¬

tory. This task oriented operation principle leads to a reduction of the data acqui¬
sition time because only the necessary information is measured. It offers the

possibility of employing this sensor-guided nanorobot in a fully automated envi¬

ronment.

Hie presented setup is very well suited to implement behavior concepts for the

(sub)micro world. Compared to commercially available systems the robot plat¬
form can be freely programmed and extended to actual needs. Thus, behavior

concepts of systems working in the nano world can be implemented, tested and

optimized. The presented setup demonstrates a powerful way to combine local

high resolution and global far-field information to perform given tasks automati¬

cally, e.g. the analysis of transistor structures.

6.2 Outlook

In the current setup some modifications could be made to improve the system

performance. First, the hysteresis compensation of the piezo scanner can be

replaced by a hardware linearization based on a closed-loop control with an ade¬

quate position sensor iBarrett91]. The implemented software linearization is suf¬

ficient for the testing of behavior concepts, but a hardware realization would

relieve the DSP of computational load. The available machine time can be used

to speed up the other running tasks. In order to further speed up the data acquisi¬
tion, new controllers are needed for the AFM measurement modes that allow

higher scan rates, e.g. implementation of H«,-controllers [Morari89] instead of

PID-controllers. Furthermore, the setup can be extended to rotational DOF, e.g.
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using of a Steward platform with 6 DOF. This may be interesting in setups with

integrated micro manipulators.

The presented glass pipette can handle object sizes above 10 \xm. The idea of

using an additional control loop to flexibly acquire local information or to manip¬
ulate micro objects can be extended to object sizes smaller than 1 pm. With such

particle dimensions tools are required that, similar to the presented glass pipette,
combine sensing and actuating skills in one device to gain access to local proper¬

ties with high resolution. Different possible tools have already been suggested,

e.g. AFM tips [Junno95, Sheehan96. Hartmann96, Baur98, Resch99] or STM

tips fStroscio91, Jung96j. These tools have proved their ability to manipulate
atoms and molecules. Nevertheless, the control of the tool during manipulation is

difficult and often done in an open-loop mode. Hence, a local control loop that

processes the actual data to control the tool position would be of great value.

Apart from applications in IC analysis or manipulation of micro and nano parti¬
cles, the presented concept of a sensor-guided nanorobot can be applied to other

domains, e.g. minimal invasive surgery. In this field, scalpels with an integrated
force sensor or biochemical sensor could support the surgeon by getting more

information from the scalpel tip than with vision alone and hence reduce the risk

of damage of adjacent structures. Furthermore, with suitable control loops the

tool can find its way along a nerve tract or a blood vessel.

The presented concept of a sensor-guided nanorobot is a first step towards sys¬
tems that can execute user-defined tasks in the nano regime automatically. By
combining information from the micro and macro world they overcome the reso¬

lution limits of macro sensors and can work on microstructures with high preci¬
sion. The high level of automatization allows the tasks to be analyzed more

quickly and productivity to be increased due to automated execution without user

assistance. Ultimately, it may allow nano structures to be built automatically by
robot systems.
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Appendix

On the following pages the circuit diagrams of the electronic components intro¬

duced in section 3.3 are presented.

Fig. A.l: Schematic erf signal processing of the 4-quadrant detector output (A, B,

C, D). The circuit builds the differences between the left and the right halfas well

as the top and the bottom half of the detector and divides both results by the sum

of all elements.

Fig. A.2: Circuit diagram of the lock-in amplifier. The signal (Uc/ef) is first multi¬

plied by the reference signal (Urcf) and then fed into a 4th order Bessel-iype low

pass filter.

Fig. A.3: Connection diagram of the RMS element and the PI controller. The

RMS value of the input signal ( U(]efRMS) is built and transferred to the PI con¬

troller to generate the low-voltage z signal (LVZ).

Fig. A.4: Schematic of the high-voltage amplifier The z cffset (ZQ^sel) is added to

the low-voltage signal (Xin) and is then amplified by a factor of 22 to apply it to

the piezo tube.

Fig. A.5: Circuit diagram of the synthesizer running with a clockfrequency of32

MHz
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