
Construction of a Digitally Controlled
Scanning Tunneling Microscope

by
Peter Geoffrey Alexander Madden

A Thesis submitted to the
Faculty of Graduate Studies and Research

in partial fulfillment of the requirements of the degree of
Master of Engineering

Biorobotics Laboratory
Department of Biomedical Engineering

McGiII University
Montreal, Quebec, Canada

June, 1996

Copyright Peter Geoffrey Alexander Madden, 1996

COPY1



1+1 Nationallibrary
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquisitions et
Bibliographie Services Branch des services bibliographiques

395 Welh!'l9ton Stree: 395. rue Welhngton
Ottawa.Onlano Ottawa (Ontano)
K1A ON' K1A ON'

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
hisjher thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in hisjher thesis.
Neither the thesis nor substantial
extracts trom it may be printed or
otherwise reproduced without
hisjher permission.

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-19876-6

Canada



Abstract

The development of micro- and nano-scale robots for medical applications v.ill

require an understanding and intuition for nanoscale phenomena as weIl as a suite of new

miniaturized technologies. The scanning tunneling microscope (STM), invented in 1980

by Gerd Binnig and Heinrich Rohrer at mM, and related scanning probe microscopes such

as the atomic force Inicroscope are among the most advanced instruments yet built to

explore our world at the nanometer and even subnanometer level. This thesîs descnbes

the construction of a computer controlled scanning tunneling Inicroscope, the

charaeterization of its performance, and some results that have been obtained using the

Inicroscope including atoInic resolution images of highly oriented pyrolytic graphite.

v,'hat is believed to be the first polymer to polymer tunneling junction is also descnbed as

the first step tov;ards an ail polymer STM. The lessons learned from the construction of

the STM will be applied in the design offuture nanoscale structures.
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Resumé

Le développement de robots de dimensions qui approchent quelques

micromètres ou même quelques nanomètres requiert une comprehension des phénomènes

et de la physique qui dominent les évènements à ces échelles et d'une pluralité de

nouvelles technologies miniatures. Le microscope nmnel éléCtronique (STM), inventé en

1980 par Gerd Binnig et Heinrich Romer de mM, et autres microscopes de la même

famille tel que le microscope de force atomique, sont parmi les outils les plus avancés pour

l'exploration à l'échelle nanométrique. Cette thése présente la construction d'un STM

contrôlé par ordinateur, la caractérisation de sa performance, et quelques résultats qui ont

été obtenus utilisant le nouveau microscope. Inclus parmi les résultats sont quelques

images à résolution atomique de graphite. Des mesures qui sont possiblement les premiers

de l'effet nmnel de polymère à polymère sont aussi presentés. Ces mesures furent la

première étape vers la construction d'un microscope nmnel éleetronique fabriqué

complètement de polymères. Les leçons apprises durant la construction du nouveau STM

seront appliqués pendant le développement de nouveaux outils pour la manipuIation et

l'exploration du monde nanoscopique.

il



Acknowledgments

Many people have helped and taught me throughout tL;s thesis. Firn, 1 would like

to thank Proièssor lan Hunter, my supen.isor, who's ",ide range of interests and

knowledge have made his laboratory a diverse and exciting en~ironment to work in. He

bas pro~ided ideas and guidance !hat were invaluable.

Colin Brenan, ",ïth his tremendous rigour in research, pushed me to better

understand issues in the design and charaeterization of the STM. Colin also provided

useful criticism during the writing ofthis thesis.

To my brother John Madden, 1 owe a special thanks. John offered continuaI

encouragement and ad~ice, even when 1was less than patieut with him.

Thanks go to Serge Lafontaine, who bas spent countless hours answering my many

questions and keeping the lab running smoothly. Serge's good natured patience is always

appreciated. 1 would aIso like to thank Sylvain Martel who bas helped me with the

e1earonics for the SIM.

FinaIly, I would like to thank my parentS, who have always encouraged and

supponed me.

I am grateful for the suppon of the National Sciences and Engineering Research

Council during the course ofthis thesis.

iü



Table of Contents

ABSTR-\CT _

RESUMÉ ii

ACKNO·WLEDGl\Œl';TS ili

TABLE OFCOl";TE.1US n·

LISTOFFIGURES l'Î

CRAPTER 1: INTRODUCTION 1

1.1 MEDICALMICROROB01S 2
1.2 NA."OSCALE S<:sSORS 3
1.3 Tm:sIs Ot;nll-'E 4

CR.o\PTER 2: DEVELOPME1";T OF THE SCA1'o"j',ING TIDiNELING MICROSCOPE 6

2.1 Tm: SCA.,,~~GTü~~'ELlNGMICROSCOPE. 6
2.2 QuA."-rtJMMEcHA.'"ICSOFTü~~=G ï
2.3 MPUCA'I10!'lS OF STM Il

CR.o\PTER 3: SPECIAL CONSmER."\.nONS FOR DESIGN 16

3.1 REQl.i"IllEME!'o-rs 16
3.2 V!BRAno~1soLA!10~ 16
3.3 PR:EClSlo~ MonoN CO:-OLROL. 20
3.4 T'EMPERA1'tJRE CO!'o'SIDERAnO~S 30
3.5 MICRoSCOPE: T!P 32
3.6 CONCLUSlO!'o'S 34

CRAPTER4: COARSE .-\PPROACB - THE NANOSTEPPER 36

4.1 DE:SI~ 36
4.2 Ct.l1UŒ!'o"I'DE:SI~ 40
4.2 L"'TERFEROME'IERFeR CAuBRA1'lON 41
4.3 CAI.mR.AnOI' 44
CRAPTERS: ELECTROllllCS S2

5.1 Cv'lUlE!'o"I'1O VOLTAGEAMPL!FIER _ 53
5.2 A"IALOG10DIGITALA."ID DIGITAL10 A"IALOG 60
5.3 ADD M'D SuB'nlAcTElECTRONICS 62
5.4 HIœ-VOLTAGEA\ŒLIFŒRS 64

CRAPTER 6: COMPUTER FEEDBACK CONTROL 67

6.1 CoARSE:MPROACH _ _ 70
6.2 1.INE:ARIZAnON 70
6.3 pm CONIROL. 71
6.4 RAs1E:R SCAN _ 75

iv



CHAPT".:R ï: PrEZO TUBE CALIBRATION 76

7.1 PIEzOELECTRlC C.AJ.IBRAnOS .0\.'" OBSERVEr> ~oS-LrsEARmES .....•..•.......•...•••.•....•••.••••.•••••.••••••••••....76
7.2 MODas OF C!ŒEJ> .••..•..••••••.••.•.••••.•••••...••....•••••....•••••••.•••...•••••.•••••.•....•.•••...•••...•..••......•.•.••..•••••••.•••••..••••83
7.3 X A.'" Y CAl.IBRAnOS ...••....••........•...•.•..•...•......•••...••••...•...••...•...•...•••••...•...•...•.•.•...••••..•••..........•••••.•.••.84
i.4 Sù;e.IARY ...•.•..••••..•••..••••••.••.......••••..•.•...•..•..•••...•.•.•..•.•........••.....•..•..•.•.....••.•..•••••••...••••..••••••••••••••••••..••••85
CHAPTER 8: SYSTEM CHARACTERIZATIOl\i 86

8.1 FREQUE!'CY RESPOSSE ••.•••••.....•.••.••••...•••..•..•.••..•. .••..••.•.•••••..•.••.•..•...•.....••.•....•••........•....••••••••••••••••••••86
8.2 SL\lùunOI'••••••••••.•••..••••••.•.••••••••••••..•••••••••••..•..••.••••..•••••••••••••••••••••••••••••.•••••••••••••••••••••••••••••••••.••••••••.•••93
S.3 SCA.'1 AATES 97
8.4 MICROSCOPE RESOLùïlOS 9S

CHAPTER 9: IMAGING RESULTS lOI

9.1 CuRJŒl.,"T DISTAl'CE Cù"RVE ••••••••••••••••••••••••••••.••••••••••••••••••••••••••••••.••••••••••••••••••••••••••••••••••••••••••••••••••••••101
9.2 HOLOGRAPHIC GRATISG 103
9.3 GRAPIlITE. _•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••104
9.4 PoLYMER Tul-o·NELISGJm;cnoN 106

CHAPTER 10: CONCLUSIONS AND FUTURE WORK I08

10.1 SCA.''l-01NG Tul-o'l-oUING MICROSCOPE. lOS
10.2 FUTUREWORK IOS
10.2 Tul-o":'o"EUNG SENSORS•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••.••••••••••••••••••••••••••••••••••••••••••••••••••••••• 110
10.3 CONCLUSIOl\-S ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••.•••••.••••••••••••••••••••••••••••••••••••••••••••••••••••• 111
BIBUOGRAPHY 112

APPENDIX A: CONSTRUCTION DRAWINGS FOR STM. 117

APPENDIX B: C CODE FOR COMPUTER CONTRO>L' 120

APPEi'"D1X C: MATLAB CODE FORSTM SIMULATION 140

v



List of Figures

Figure 3.1: STM ibration isolation system 19
Figure 3.2: Piezoe!eetric material shape change 23
Fi ~ 3' M ed f i b . . .,-gure ~. .• easur creep 0 p ezo tu e poSttlon _)
F ~4M d' h .19ure ~.: easure plezO l'stereStS 26
Figure 3.5: Piezoe!eetric tripod configuration for STM scanner 27
Figure 3.6: Piezoe!eetric tube v.ith four outer e!ectrodes 29
Figure 3-7: Photograph ofthe STM as built 34

Figure 4-1: Stepper design used bl' Niedermann et al. (1988) 38
Figure 4-2: Stage for one-dimensional translation 39
Figure 4-3: Plot ofa trianguIar waveform and a cycloidal waveform. .40
Figure 4-4: Interferometer lal'out 41
Figure 4-5: Computer control for the nanostepper 44
Figure 4-6: Position vs. step number ofthe micro-positioner .46
Figure 4-7: Histogram ofstep size in the positive direction (60V, 0.5ms waveform) 48
Figure 4-8: Histogram ofstep size in the negative direction (60V, O.5ms waveform) 49
Figure 4-9: Step Size vs. Pulse Duration. 50
Figure 4-10: Step Size vs. Waveform Voltage 50

Figure 5-1: EIec'rOnics for the STM 51
Figure 5-2: Current Amplifier Circuit 53
Figure 5-3: Sources ofNoise and Offsets in the Current Amplifier 54
Figure 5-4: Measured frequency response ofthe current to voltage amplifier 58
Figure 5-5: Compensation circuit for current amplifier 58
Figure 5-6: Measnred transfer iùnction ofthe compensated current amplifier 59
Figure 5-7: Addition and subtraction circuits 63
Figure 5-8: High Voltage Amplifier Circuit 64

Figure 6-1: System for computer based control ofthe STM 68
Figure 6-2: Graphical user interface for the STM. 69
Figure 6-3: Block diagram offeedback for STM 72
Figure 6-4: Flow diagram ofthe controlloop and scanning alEtorithm 75

Figure 7-1: Hysteresis ofthe Piezo Tube 77
Figure 7-2: Creep measured with an interferometer for 30 and 60 nm steps 78
Figure 7-3: Measurement ofPiezoe!eetric Creep 81
Figure 7-4: Expanded view ofcreep 82
Figure 7-5: Expanded view ofcreep 82
Figure 7-6: Simple mode! for creep in a material 83

vi



Figure 8-1: Position impulse response of the STM 8i
Figure 8-2: E\.-perimental setup for measuring frequeney response of the STM 89
Figure 8-3: Disturbanee rejection frequeney response 91
Figure 8-4: Simulated c10sed loop frequeney response 94
Figure 8-5: Simulated open loop frequeney response 96
Figure 8-6: Tip to sample stability for a polymer to po!ymer junction (polypyrrole) 99
Figure 8-i: Tip to sample stability for Pu1r to HOPG tunneling junction 99

Figure 9-1: Measured CUIrent vs. position eurve and log(current) vs. position CUNe 102
Figure 9-2: STM image ofa gold plated holographie grating 103
Figure 9-3: Constant current image ofHOPG 104
Figure 9-4: Two cross-sections from Figure 9-3 104
Figure 9-5: Constant height image ofHOPG 105
Figure 9-6: Gap v:idth stability measured bem'een a polypyrrole rip and a polypyrrole

sample 106

vii



Chapter 1: Introduction

People have ahvays sought to better understa.nd and to better control the

en,\;ironment that they live in. As science bas progressee!, the realms wbich we have been

able to observe and manipulate bas expanded continually. And the tools and concepts that

we use to e:\.-plore and explain our worId have evolved from simple to complex.

The ancient Greeks developed the concept ofatoms, indivisible building blocks for

alI matter. But the Greek concept of atoms was mostly philosophical and was not based

on any experimental observations of the real world. In the 17th century, the Dutch

scientist Antonie '\Ian Leuwenhoek used a simple one lens microscope to systematicalIy

observe the microscopic worId ofinsects, baeteria, and ceIls.

Leuwenhoek's microscope was the first in a series of tooIs that help us visualize

the miniature world. Further refinements in the optical microscope brought significaot

improvements in resolution and image quaIity. But in 1834, George BiddeIl Airy showed

that the resolution of microscope was limited by the wavelength of light to severa!

hundred nanometers. The discovery by Louis de Broglie in 1924 that eIeetrons aIso have

a wavelength dependent on their energy led to the idea ofthe eIeetron microscope. With

wavelengths far shoner !han light, eIeetron microscopes cao have resolutions below a

nanometer. In 1980, Gerd Binnig and Heinrich Rohrer deveIoped the scann;ng tunneIing

microscope, which uses a smalI elttremely localized eIeetron current to resolve individual

atoms on a surface.

In parallel with the development ofbetter and better microscopes, techniques have

been discovered to alIow us to manipulate materiaIs on a smalIer and smalIer scale. While

van Leuwenhoek's microscope lenses were ground smooth to a few hundred nanometers,

technology today cao build complex integrated circuits with two dimensional features sizes

ofsevera! hundred nanometers. Smooth atomic layers cao be deposited with thicknesses of

about one tenth ofa nanometer. Binnig and Rohrer's scanning tunneIing microscope cao
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be used Dot oruy to ima~e atoms but a!so to manipulate and move indi\idua! atoms,

opening the possibility ofatom by atom assembly.

As our understanding and our control of the microscopic rea!m have increased, so

too bas our appreciation of the potentia! applications of microscopic machines. In 1959,

Kobe! laureate Richard Fe:.= noted that "There is Plenty of Room at the Bonom"

[Feynmann, 1959]. FeJ= v.-as referring to the potentia! of manufaeturing on the sub­

millimeter (or even sub-micrometer) scale. \Vhen FeJ'llmann gave bis taIk, the state of the

art in e1ecrronics WllS a diode oruy a few millimeters square. Today, millions ofttallSistors

are paeked into a space a few millimeters square, but even today's technology is far frOID

the physica1 Iimits imposed by the atomic structure ofmaterials.

1.1 Medical Microrobots

For many applications, the potential of atomic scale manufacturing is immediate1y

evident. For data srorage, Feynmarn calculated tbat ail the information in ail the books in

the world (m 1959) coùld easily be srored in the volume of a credit card (approJcimate1y

1.5 mm by 50 mm by 80 mm). Onee tbis happens, everybody v.i11 be able to carry around

with themall oftheliterature, history, science, engineering, and medica1 knowledge tbat

humanity bas deve1oped.

In medicine, atomic sca1e or even microscopie sca1e mam1faeturing will have an

enormous effect. Millimeter size robots (ultimately micrometer size) will be built tbat will

be able to move tbrough the body te monitor and maintain our health. Surgica1 operations

which today require weeks of in hospital recovery because of infection or heaIing of

damage to surroundîng tissue will become one day procedures. The micrometer size

robots v.i11 be swalIowed or injected, reducing the risk of infection and 10wering heaIing

rimes, and will clean arteries to improve blood flow, remove cancerous or other hannfùl

tissue, or monitor blood chemîstry to ensure the patient is heaItby. Robots may even enter

into eells to repair defective DNA

Robots on the millimeter and micrometer scale have the same basie requirem.ems

as do larger sca1e robots: they need a power supply, motors, intelligence to control their

2



motion, and sensors to monitor and interact with the environment. AIl of these different

eIements need to be miniaturized as much as possible.

Eventually, in the process ofminiaturization the limits of classical mechanics will

be reached. Beyond this limit, behaviour is governed by quantum mechanics. Quantum

mechanics, unlike the deterministic laws of classical mechanics, descnoes probabilities or

Iikelihood's ofevents, such as an eIectron moving from one atom to another along a wire,

on a very smalI scaIe.

1.2 Nanoscale Sensors

Sensors that are sub-micrometer in dimension will likeIy be based on quantum

mechanics becanse of their smalI scaIe. The scanning tunneling microscope is a sensor

that relies on quantum tunneIing of eIectrons (eIectrons jump or 'tunnel' across a banier

that is classicalIy impenetrablel
) to measure the distance betWeen a conductive tip and

atoms on a surface. As the tip is scanned across the surface (scmewhat like the needle on

a record player) the height of the surface at different points is measured to build up a

surface map. The tunneling ofthe electrons occurs only betWeen the atom on the tip that

is nearest to the surface and the atom on the surface that is nearest to the tip. The sensor

itselfis comprlsed ofonly two atoms.

Of course, connections need to be made to the sensor sc that current cao be

supplied and information from the measl,lI'ement cao be transmitted elsewhere. In STMs

that are used today, the connections are much larger than the 'position sensor' itself (two

wires are needed to connect to the sensor atoms). However, there is no reason that the

connecting wires cao not be tens ofnanometers instead ofmillimeters. Becanse the sm
fundamentaliy operates on the atomic scaIe and cao be miniattuized, it may prove ideal as

a microrobot position sensor. sm position sensors, for example, could be used to

provide position feedback for microscopic robot limbs and bands.

1 The opellllingptiDQples ofthe S1M arc cli....,ssed in= dclail in Chapœr2.
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But the STM can measure much more than just position. The STM is used as a

chemical sensor, to measure the band structure of semiconduC1ors, to measure local

eleetric and magnetic fields, and as an accelerometer (by measuriug the defleetion of a

small beam). In the future, microrobots and nanorobots might make extensive use of

tunneling multi-mode sensors based on STM technology.

The best way to learn about STM technology and the issues involved in designing

sensors based on quantum nmneling is to design and build a tunneling microscope. By

CODstIUeting an STM, practical engineering knowledge is developed. The knowledge

learned is needed to address issues that arise in applying STM technology to micro-robots.

1.3 Thesis Outline

This thesis descnoes the constr..ction of an STM with an emphasis on issues that

were specific to scanning tunneling microscopy and nanoscaIe engineering. Having buiIt

the microscope within the laboratory, experience bas been gaiI>ed that will aIlow quick

implementation and testing ofnew ideas and concepts at the nanometer scale.

A second aspect ofthis thesis is a very briefinvestigation ofa cenduetive polymer

using scanning tunneling microscopy. Results for tunneling from a polymer coated tip to a

polymer sample are presented in Chapter 9. The motivation for the polymer to polymer

tunneling arises in pan from manufacturing issues that could be problematic for

microrobots. Assembling parts with many diffèrent types of materials (metais,

setniconduC1ors, ceramics, polymers, giasses) on such a small scale will be one of the

biggest challenges in nano-engineering. Polymers as a cIass ofmaterials cao satisfY aIl the

diffèrent subsystem requirements for microrobots, namely energy storage

(supercapacitors), aetuators (contractile polymers), intelligence (polymer transistors), and

sensors (Iight, force, electric or magnetic field etc.). Problems ofassembly and ofmaterial

incompauoility can be avoidecl by building an entire nano-scaIe machine from a single cIass

ofmaterials. nus polymers are Iikely to be the material ofchoice for CODstIUeting robots

on the micro-scaIe. STM sensors used in the microrobots will a1s0 need ta be made from

4



polymer materials. A second motivation for the polymer tunneling experiments is a more

basic interest in the mechanisms and properties ofpolymer conduction.

Some of the measurements that have been made 'WÏth the new S1M, including

some polymer tunneling results, are presented towards the end ofthe thesis. Chapter 2 of

this thesis provides some background on the development of the STM and the physics of

quantum tunneling. Chapter 3 describes the issues that arise when engineering is being

done at the nanometer scale. Vibration isolation and thermal expansion, for example, are

critically important for achieving atomic resolution 'WÏth an STM. Chapters 4 through 6

discuss other parts of the microscope design, including sample positioning, required

electroDics, and the aIgorithms for computer controlled feedback. In Chapters 7, 8, and 9,

calibration procedures, system performance, and results (microscope images) are

presented. FinaIly, in Chapter 10, some conclusions are presented and future work is

discussed.

5



Chapter 2: Development of the Scanning
Tunneling Microscope

2.1 The Scanning Tunneling Microscope

In 1980, Gerd Binnig and Heinrich Rohrer at mM Zurich invented a completely

new imaging instrument, the scanning tunneling microscope (STM) [Binnig et al, 1982).

The new microscope bas allowed scientists to explore material surfaces at a scale that

directly shows, for the first time, the individual atoms.

The SIM uses a sharp tip which is scanned across a surface to measure its height.

Unlike the tip of a stylus profilometer, the SIM tip never touches the surlàce. When a

voltage is applied between the tip and the surface being imaged, a small current flows

across the tip-sample gap. In classical physics, no current should flow until contact occurs

(the tip touches the sample). However, in quantum mechanics, electrons can "tunnel"

through gaps (or potential energy baniers) that are classically impenetrable. The

likelihood ofan eleetron tunne1ing across a gap decreases exponentially as the gap width

increases. A current ofelectrons flowing across the gap also decreases exponentially with

gapwidth.

The SIM tip scans across the SUIface with a gap of only a few tenths of a

DaIlometer. The gap is kept constant by raising or lowering the tip if the current flow

increases or decreases. Typical currents are on the order ofnanoamps.

Almost all STMs use piezoelectric matetials to move the microscope tip.

Piezoelectrics change their dimensions linearly when a voltage is applied across them and

can easily be made to have dimensional changes ofnanometers per volt. Using such small

length changes per volt, the position of the SIM tip can be controlled to a precision of

picometers.

_ Picometer precision is weil below the size of an atom (carbon atoms for example

have radii of about 200 to 250 pm). If the scanning tip is sharp enough (with only one

atom at its end), the SIM can resolve individual atoms on surlàces.
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2.2 Quantum Mechanics of Tunneling

While a complete mathematical description of the tunneIing phenomena as it

occurs in three dimensions for the scanning tunneIing microscope is very complieated and

cannot be analyticaIly solved, it is easy to deve!op a simple mode! that describes the basic

operating principles ofthe STM.

In quantum mechanics, the positions of e!ectrons and other particles are described

by probabilities. An e!ectron in the lowest energy orbit of a hydrogen atom, for ex:ample,

is D10st Iike!y to be 53 pm (one Bohr radius) away from the nucleus. However, the

e!e-.:tron could be much closer or much further away. As the distance from the nucleus

increases, the chance offinding an e!ectron drops rapidly, but never quite reaches zero.

The probability of finding an e!ectron in a given position is given by solutions to

Schroedinger's equation. Schroedinger's equation relates the probability of being in a

certain state or position to the

Figure 2.1: One dimensional potential banier model. The
potential energy or the sample is Vq JOlI1es above the
potential ofthe tip (V is a bias voltage and q is the charge
on an e\ectron). The potential banier eDsts becanse or the
energy needed to remove aD e\ectron from the sample iDto
vaCllllm. V is the voltage applied tg the tip and q is the
charge on an e\ectroll.

m

T1PGAP

1

Tlppot'\-­

SAMPLE

II_d_
vacuumpot·\··T..··~ ··..·r...

9 ,
ElectroS:;::.\ ·u ...... .....·r

Vq

potential energy distribution. For

the tunneIing current in an STM,

we will mode! the current using a

simple one dimensional potential

shown in Figure 2.1. Both the

sample and tip are conduetive

and have uniform potenti.als

(regions 1 and III). There is an

energy potential difièrence Vq (q

is the charge on an e!ectron)

between the sample and tip that

is caused by a tip to sample bias

voltage. Between the two conduetive regions there is a vacuum gap ofthickness d (region

11). The potential energy clliference between the sample region 1 and the gap region II is

given by the work function tP, which is the energy needed to remove an e!ectron from the

sample into the vacuum. For simplicity, we will assume that the work function ofthe tip is
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the same as that of the sample. The potentiai of the tip is then the work funetion potentiaI

plus the potentirl energy due to the bias.

We can substitute the potentiai from Figure 2.1 into Schroedinger's equation,

h: d:
---,\fI"(r)+ U(=)\fI"(=) =E\fI"(=),

2mdr-

where h is Planck's constant, m is the mass ofan eIectron, E is the energy of the eIectron,

U(=) is the potentiaI energy funetion, and \fI"(=), calIed the wave funetion, is a complex

funetion reiated to the probability density at the position =1. The probability P(z)d:: that

the eIectron be found in an infinitesimaI space d:: around z is given by

P(z)d:: = \fI"(z)\fI"·(=)d::.

In region 1, to the Iefl: of the potentiaI banier, and in regic:: !II, to the right of the

potentiai banier, the solutions are ofthe form:

\fI"l(Z) =\fI"(O)e""",
\fi"m(z) = \fI"(d)e~ok(:-d),

where k -_ /2m(E - U(=» d E TT/:.I S' E TTt)' • 1 d m thV 11: an > VI=/. IDce > V\=, ID regIons an e

possible wave funetions are sinusoids of constant amplitude. The produet \fI"(z)\fI"·(z) is a

constant and so the probability offinding an eIectron either region 1 or region mdoes not

change 'WÏth z. In region II (the banier), E < U(z) and the possible wave functions are:

\fI"l(Z) = \fI"(O)e= ,

where IC = 2m(U~~) - E) . For the case ofa bias potentiaI Vq that is much smaller than

the work funetion rp, the difference U(z) - E "" rp, and IC =~. The probability of .

finding an eIectron in the banier is \fI"u(z)\fI"u·(z)=i\fl"(ote=, where the positive

exponent gives the li.l.:elihood of finding an eIectron that originated on the positive z side

1 ll-6.64xlO"" Js,m= 9.llxlO·31kg.
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and the negative e>..-ponent gives the likeIihood offinding an electron that originated on the

negative =side of the banier. If there is no bias voltage, eleetrons are equally Iikely to

tunnel in one direction as in the other and the net tunneling current is zero. However, in

the presence of a bias voltage, tunneling in one direction becomes preferred and a

tunneling current flows.

The CUITent that tunnels from the tip to the sample is proportional to the number of

tip electron energy levels between the tip potential and the sample potential. Electrons in

these energy levels will lower their energy when they travel across the banier. The

number ofenergy levels is approximately the product of the local density of energy states

p, and the voltage bias v~ and so

Ir a: v~ p,I\fI"(O)I:e-d
,

where, as before, TC =~ , and dis the gap width.

Notice that the tunneling CUITent decreases exponentially v.ith the gap width d.

For every increase or decrease in the gap width by a factor of..!.., the magDÎtude of the
TC

current changes by 2.718 times (el times). The CUITent changes by an orcier ofmagoitude

for an increase or decrease in the gap 'Width by a factor of 2303. It is the exponential
TC

dependence ofCUITent on gap width that gives the SIM its very high sensitivity to surface

height changes.

For common metals, the work funetion varies between 4 and 6 eleetron volts (eV)

or between about 6xlO-19 and 9xlO·19 Joules (J). Using 9S=5.5eV=8.8xlO-19 J 2, we find

that the current changes by one order ofmagDÎtude when the gap 'Width changes by:

: Somet}pical WllI:I<fimcliClllS forme1lls oftcn llSCd as cither sample oftip arc: goIc1, 5.4 cV; p1atinnm, 5.7eV,
iridi=, 5.6cV. ThcWlll:l<fimclion llSCd in the ca1alIalion ofthe nluc of 1C is usually the avcmgc ofthetip aDd
sample nluc. WorkfimcliClllS for otbcrmateriaJs cmbc f01l1ld in IHandboqk for CbemjSllyMd Pbysjcs. 1992·93]
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A'" ~O~ Tl
'""" = 2-, " .)2nllp

=O.l9nm.

Different work funetions will result in different changes in current per change in distance.

By deliberately vaI)ing the tunnel gap width so that the e),:ponential coefficient IC

can be measured, scanning tunneIing microscopes can differentiate between materia1s with

different work funetions, makiDg possible a cbemical analysis ofa surface. Local cbemical

information is important for understanding alloy structure or condueting polymer

morphology. Ultimately, it may be possible to determine the composition of conducting

materials atom by atom across a surface. However, the concept of a work fimction is

defined for a large uniform surface where surface eleetronic states interaet over many

atotns. For example, a single atom of gold isolated on carbon surface will exlnoit a very

different 'work function' than a gold atom that is pan of a gold surface. Because of the

complex interaction of wavefunctions from neighbouring atoms, the determination of the

species ofindi.,,'Ïdual atoms v.'ill be very cballenging.

Another cbaraeteristic of the tunneIing current equation is that it depends on the

local density of states ofthe surface being imaged. By altering the bias voltage, the local

density of states can be probed at different energies. For metals (conduetors) the local

density ofstates does not change sigDÏficantly even for large bias voltage changes (on the

order ofvolts). However, semiconduetors exlnoit sigDÏficant changes in the local density

of states as the energy moves from the valence band to the conduction band. Information

about the eleetronic structure of semiconduetor bandgaps (the energy gap between the

valence band and the conduction band) can be probed by taking STM images at different

bias voltag~. It may also be pOSSlole to learn about the bond structure and the

conduction mecbanisms in conducting polymers by measuring the local density ofstates as

a fimction ofeleetron energy.

3 Elœmplcs afthist)pc ofimagiDg an: gi.... in [Chen, 19931 (e.g. plates S and 9).
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2.3 Applications ofSTM

STMs are primarily used to investigate the structure of surfaces. Applications of

STM to surface structure det=ination range from simply measuring grain size of

sputtered gold to deterrnioiog the electronic structure ofsemiconduetor surfaces.

Some of the first atomic resolution results were obtained on graphite surfaces.

The regular hexagonal pattern ofthe carbon atoms can be observed even in air because of

the inertness ofthe graphite surface. Atomic resolution on many metals bas been achieved

but usually only for clean surfaces in a vacuum. Many metals develop a thin inslllaring

oxide layer in air that makes imagiog the surface atomic structure diflicult. Gold,

aluminium, copper, platinum, ruthenium, and nickel are atnong the metals whose atomic

surface structure bas been observed. The atomic structure of metals that are relatively

inen such as gold and platinum have also been obsenred in air.

The surface structure ofgraphite and of many metals is periodic and can often be

determined using other methods such as LEED (low.energy eleetron diffraction) or atom

beam scattering which measure bulk crystal properties. Atomic resolution bas been

achieved with TEM (transmission electron microscopy) and high energy SEM: (scaooing

electron microscopy) but Satnples must be very thin to image only a single layer ofatoms.

To obtain an SEM: image ofuranium atoms, individual uranium atoms are stuck on a thin

carbon ffim [Obaniao, 1989, p. 14). The uranium atoms appear as very bright spots on a

dark background. However, for aperiodic structures or surface measurements on thick

Satnples, LEED, TEM, SEM: and other methods are unable to give complete information

about structural details. In some cases even periodic surfaces are too complex: for LEED

to give an unambiguous surface structure.

In these cases, STM is required to give a detailed atomic level understanding ofthe

surlàce. For ex:amp1e, the surface ofgold along the (Ill) orientation ex:hibits symmetric

axes that are 120 degrees apart. The points where the axes of symmetry change are

randomly disttibuted across the surface and 50 the structure was not well understood until

scanning tunneling microscope images were obtained [Chen, 1993, Ch. 16]. Smaller

structures such as dislocations and missing atoms are also easily observed with STM. The
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ability to image such surface features is what distinguishes SIM from other imaging

modes that have atomic resolution.

The first major discovery using an SIM v,;as the Sie111)-7)(7 struCture. In LEED

experiments in 1959, it was found that the Si(lll) surface was made up ofUDits cells with

forty-nine silicon atoms. However the exact arrangement of the atoms continued to be

debated until 1985, when a group led by Takayanagi used SIM images to resolve the

problem [Chen, 1993). The first image ofthe Si(lll)-7)(7 surface was in fact obtained by

Binnig and Rohrer [Binnig et al., 1983a).

There is a huge range ofother applications ofscanning tunneling microscopy.

Large ordered struCtures such as liquid Cl'ystals have been imaged [Smith et al,

1989). When the liquid crystals (n-all..ylcyanobiphenyl in Smith's paper) are adsorbed

onto graphite, they form !wo dimensional crystalline domains which cac be seen by STM.

Other studies have used SIM to measure the surface roughness of materials and

relate roughness to observed properties such as chemical reaetion rate or magnetic

behavïour. For example, the magnetic properties ofcobalt alloys (m magnetostrietion) cac

be related to the alloys' surface roughness as measured by SIM [Aguilar et al, 1992].

Walls et al used the SIM to examine very low load Vickers pyramid indentations

(loads of0.15-0.50 Newton) on a silicon surface [Walls et al, 1992). The surface profile,

the depth, and the angle ofindentation were measured to improve the understanding ofthe

mass displaced by the pyramid at very small scales.

Many different organic molecules have been imaged. Among the most exciting

applications is the imaging of DNA Garcia et al, for example, have imaged DNA

adsorbed onto mica [Garcia et al, 1992]. In order to fix the DNA <;0 that the tip doesn.'t

push it across the surface and to make the surface conductive, the DNA and mica are

coated with a thin metallic (usually gold) 1i1m. The resolution ofthe images is limited by

the size ofthe metal grains (typically 5-10 cm) and therefOre cannot yet resolve individual

base pairs (separated by 0.34 cm). The stretched out DNA molecules appear as long

winding protrusions in the images.
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Some other organic molecules have been imaged 'without metallic coatings. Obtani

et al. obtained images of benzene rings (adsorbed on graphite) [Obtani et al., 1988].

Masai et al. observed Ir-ATPase, a molecule important in the energy processes ofail cells

[Masai et al., 1992].

The major difliculties wben imaging biological or organic molecules with the STM

are that the molecules tend to have low conduetiv'ity and that many of the molecules are

soft and flexible and so are easily moved or distoned by the STM tip. Beomse of these

problems, the resolution obtained is not as good as for harder crystalline structures such as

metals or semi-conduetors. So far, atomic resolution bas not been achieved.

The ability ofthe STM to image electronic states (e.g. local density of states) bas

been used to observe different dangling bonds from a silicon surface. Boland passivated a

Si(100) surface with hydrogen and, by carefully beating the surface, was able to remove a

small number of the adsorbed bydrogen atoms. When the hydrogen atoms leave, two

adjacent silicon atoms pair their Pz dangling bonds to fonn a 1t bond which can be seen in

the STM images [Boland, 1991], [Chen, 1993, Ch. 16).

STM images have been taken of surfaces in water and even in electrochemical

solutions. The tunneling =ent in an eleetrolyte is mixed with a faradaic =en!,

reducing the signal to noise ratio, but by insulating the STM tip almoS! to the very end, the

effect of the faradaic =ent is minimized. Magnussen et al observed the position of

individual copper atoms as they were electrodeposited cnte Au(I11) and Au(100)

surfaces [Chen, 1993, Ch. 16). Robinson et al obtained spectroscopic chemical images

(which measure the change in =ent for a small change in tip-Satnple distance) in an

electrolytic solution [Robinson et al, 1992).

An interesting effect that can occur with STM is light emmision from the tunneling

junction. Electrons injeeted from the STM tip with an energy higher !han the conduction

band energy ofthe sample fall to the lower band and emit light. The emitted light can give

information about the local electronic structure of the material [Renaud and Alvarado,

1992] [Uehara et al, 1992], [Usbioda, 1992).
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The STM bas also been used to nanofabricate surfaces. Scientists at mM have

'wrinen words using single atoms ofXenon on a surface in ',acuum [Egler and Schweizer,

1990). MO_"Ïng single atoms requires very low temperatures to avoid diffusion effects but

nanometer size (10-100 atoms) fabrication bas been done at room temperarure. Small

holes or indentations in an HOPG surface have been repeatedly made with diameters as

small as 4 Dm [McCarley et al., 1992] by applj"Ïng a voltage pulse to tip. Small deposits of

material have been made on surfaces by using high electric fields to remove small atDounts

ofmaterial from gold tips [Abraham et al., 1986). WlTes ooly 3 nanometers wide have

been fashioned by selectively oxidizing a thin layer of TitaIlium on Silicon (using an

STMIatomic force microscope combination) [Snow and Campbell, 1995). A local

oxidation reaction cao be started hi sening the tip voltage to the correct potential which

replaces the titaIlium with insulating titaIlium oxide. By carefully control1iDg the time and

the amplitude ofthe voltage that is applied, the thickness and width of the oxide layer cao

be controlled to leave conducting traces.

Other novel uses ofthe STM include non-destructive testing by measuring surface

displacement waves [Strozewski et al, 1992] and possible use as a gravitational wave

detector [Bocko, 1990], [Bocko et al, 1988], [N"1ksch and Binnig, 1988).

After the invention of the scanning tunneling microscope, many other types of

scanning probe microscopes were developed. The atomic force microscope (AFM)

measures the deflection ofa very small beam caused by forces between a tip at the end of

the beam and a sarnple. By scanning the tip back and forth, surface contours ofinsn)aring

materials cao be mapped. Other scanning probe microscopes include scanning capacitive

microscopes, scanning optical microscopes, and scanning magnetic probe microscopes.

Each of these microscopes gives localized information about different types of surface

properties.
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The STM bas opened up whole nev; areas of scientÏfic exploration. The

microscope combines the ability to both image and manipulate surfaces at the atomic scale

and so offers exciting ne\\" opportunities in nanoscale observation and fabrication. Since

the microscope relies on quantum mechanics, it can be miniaturized for integration as a

sensor in micro- or nanorobots. In this chapter, an overview of the STM and its

applications "..as given. The next chapr.er v.i11look at special considerations that need to

be taken into account when desigoing a scanning tunneling microscope.
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Chapter 3: Special Considerations for Design

3.1 Requirements

The successful construction of a scanning tunneling microscope requires careful

attention in severa! areas !bat are not always important in mechanical design.

Measurements are made on the atomic scale, and many physical effects that are normally

negligible cao affect STM operation. Floor and acoustic vibrations or thermal expansion

cao cause motions thousands of rimes larger than a single atom. STM tips that under a

light microscope might app= to be sharp, may have radii of curvature of hundreds of

nanometers or may have many smal1 tips that cannot be resolved v,ith viSlole wavelengths

and which cao cause multiple tunneling paths to the sample.

3.2 Vibration Isolation

The tip to sample distance in an STM needs to be maintained to v.ithÏn bener than

a tenth of a nanometer to achieve atomic resolution. But in a typical laboratory

en\oironment, Vlorations of the floor cao be many orders of magnitude larger. For

example, measurements of the floor \o1orations on the third floor of the Lyman Duff

building at McGill showed a displacement amplitude of about 110 nm rms [Brenan et al,

1992). Most of the displacement is concenttated in frequencies below about 200 Hz.

Measurements of Vlorations reponed from other laborarories have similar frequency

ranges and similar or higher amplitudes [pohl. 1986], [Schmid and Varga, 1992].

Measurements were not made ofthe floor Vlèrations in the laboratory where the SIM: was

used l
. The Vloration levels are however high since it is pOSSlo1e to fee1 the flocr move

even ifsomeone is walking on the other side ofthe room.

In the first experiments demonstrating tunneling through a controllable vacuum

gap, Binnig, Rohrer, Gerber, and WeIoel [Binnig et al, 1982] mounted their nmne\ing

apparatus onto a base which had strong permanent magllets attaehed to it and was
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magneticaIly levitated above a bowl of superconducting lead. A normaIIy conducting

metaI attached to the bowl damped out vibrations using eddy currents. The tunneIing

apparatus was thus isolated both thermaIIy and mechanicaIly from the table on which it sato

The table itselfwas a heavy stone bench mounted on rubber inner tubes to further isolate

the setup. In the tunneIing experiments, the gap was stable to within 20 picometers.

The second design by Binnig and Romer [Binnig and Rehrer, 1983] used a two

stage coiI spring system2 with eddy CUITent damping provided by permanent magnets and

copper rods. Again, the apparatus gave stabiIity to better than 20 picometers. Binnig anà

Rohrer used this apparatus to obtain images ofatomic steps on gold (the Au(11 0) surface)

and on silicon (the Si(lll) surfuce).

Isolation systems used in S1Ms now follow one oftwo basic designs. The first is

to use a masslcoiI springldamper system much Iike that ofBinnig and Remer. The other

design uses stacked metaI plates with an eIastomer (usually Vtton O-rings) between the

plates [Gerber et al, 1986]. TypicaIly, four or five metaI plates are stacked one above the

other, separated by short vertical pieces cut from Viton 0-ring (m Gerber et al, the Vrton

pieces are 5 mm long and 2 mm in diameter). The eIastomer provides both spring and

clamper. WbiIe the vibration attenuation for one metaI plate is not as good as for a single

spring system, by stacking plates the attenuation ofhigher frequ~cies cao be good enough

to provide atomic resolution. Becanse they are compact and easy to bulle!, the stacked

metal plates with eIastomer springs are more commonly used in newer designs. Both the

mass-spring-damper designs and the stacked metaI plate with elastomer designs attenuate

high frequencies but allow low-frequencies to pass through.

If the mechanical structure of the SlM itself is very rigid (bas a high resonant

frequency), the low frequencies that are not attenuated by the vibration isolation are net

transferred to the tip-sample junetion. For vibrations that are below the structure's

resonant frequeno/, the entire structure moves without defotming. Vibrations at and

above the resonant frequency cao act te deform the SlM structure and change the tip-

• Secalso [Bimlig Illl!Rah=. 1986} for a comparison ofthe clilfcrc:at vibratiClll isoIatiClll systems1lSCd by Bimùg Illl!
Rah= in their laboraIaIy.
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sample distance. Thus, the vibration isolation must attl:Iluate vibrations at and above the

mechanical resonant frequency to below the desired noise leveI. For atomic resolution, the

vibraiions passed by the isolation at the resonant frequency must be less than about 0.1

!lm.

A number ofpapers have been written which analyse vibration isolation for S1Ms

[Binnig and Rohrer, 1986), [p0hI, 1986), [park and Quate, 1987], [Okano et al, 1987],

[Kuk and SiIverman, 1989), [Schmid and Varga, 1992), see aIso Chapter 10 in [Chen,

1993). Park and Quate descnoe a two stage spring-mass-damper system and theoreticalIy

determine what the optimum parameters should be. Okano et aI. compare stacked

elastomer isolation to a two stage coil spring system and find that the two stage spring

system aetuaI1y offers better performance.

Stacked eIastomer systems typicaIIy have eut-off frequencies in the tens of Hertz

whereas suspended coil spring systems can have cut-offfrequencies below one Hertz. For

equai order systems, a lower cut-off frequency gives better attenuation at a given higher

frequency. In a weIl designed S'lM, the mechanical structure is rigid enough ta prevent

low frequency Vlorations from meeting the tip-sample separation. Since the ratio of

displacements ofthe isolat..d platfonn to the displacements in the !ab gets smaIIer for each

decade of frequency above the cut-off; reducing the cut-off improves high-frequency

attenuation.

The isolation system for the sm descnoed in this thesis uses a three stage

isolation system (see Figure 3.1). The sm sits on a single stage mass-spring-damper

system that is in tum mounted on a 20 mm thick 400 mm square aluminium (T6 6061)

plate. The second stage spring and damping are both pr,,~ljded by an inflated rubber

bicycle inner tube beneath the aluminium plate. The inner tube sits on a commercial

vibration isolation table, which provides the third stage of isolation (TecImicaI

Manufaeturing Corporation Model 63-754, Peabody, MA). A stacked elastomer system

was used initiaIIy beeause it was casier to constrUet but was not found to give adequate

isolation for atomic resolution images. The three stage vibration isolation resulted in
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much better tunneliDg gap stability (atomic resolution was achieved on HOPG (highly

oriented pyrolytic

graphite)).

tube and the mass spring

damper stages are

The mass-spring­

damper and the inner tube

aet as low-pass filters !hat

are coupled and cannot be

X
o
r------..l....J...-------, treated independently. The

MTt'bl. isolation table, however, is
'-------""""<"--r---------'

much more massive than

the other isolation stages

and can be treated on its

own. The equations of

motion for the rubber inner

Figure 3.1: STM vibration isolation system. M" B" and K, are the
effective mass, dampiDg, and spriDg constant or the rubber inDer
mbe. M" B" and K:: are the mass, dampiDg, and spriDg constants
orthe mass-spriDg-damper system andMr_Kr_Br_ are the
constants for the ~ibration isolation table. lbex ~'ariablesare the
positions orthe different stages.

M1x1 =-KI(XI-xo)-BI(xl-xo)-K:(xl-x:)-B:(xl-x:),

M:x: =-K:(x: -x,)-B:(x: -XI)'

where the M, K and B parameters are the masses, spring constants, and damping constants

of the two stages. xo,1i, and X:z are the positions of the isolation table, the 400 mm by

400 mm aluminium plate (Ml), and the sm on the mass-spring-damper (M,) respectively.

By taking the Laplace transform of both equations, we can solve for the transfer

funetion between the isolation table and the STM,

x: (B1s+K,XB:s+K,)

X o = (MIS' + (BI +B,)s+K1+K,)(M:s: +B:s+K:)-(B:s+K:): '

where Xo,X;, and X: are funetions ofthe frequency variable s = jOJ •
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Since the isolation table is effectively independent from the other two stages, the

cross-coupling effects between the isolation table and the upper two stages can be

negleeted. The combined transfer function is given by the isolation table in series with the

two other stages:

X. (B,s+KI)(B.s+K.)--= . - x
Xc (MIs: +(B, +B:)s+KI +K:)(M,s: +B:s+K,)-(B,s+K,):

BTab1.S+ KTabl•

The transfer function is sixth order but only bas a high-frequency roll-offofthree orders of

magnitude for every decade increase in frequency. Changing the value of the parameters

will change the frequencies at which the different stages will begin to attenuate vibrations

and the shape ofthe transfer function around those points.

While the above equation accurately describes the system if aU the parameters are

known, in the development of the isolation system, the parameters were not weil known

and the masses and damping were adjusted using somewhat qualitative measures of

performance. The transfer function does however serve as a guide for predicting the

performance of the system. For the mass-spring damper stage, the mass and spring

constant were chosen to give a natura! resonant frequency close to l Hz. The resonant

frequency ofthe inner tube stage was measured to be on the order ofa few Hertz and the

stage is underdamped, taking about seven or eight cycles to stop oscillating. Fmally, the

vibration isolation table bas a natura! frequency ofclose to l Hz.

From the transfer functioD, the system behaviour is sixth order system with high­

frequency attenuation of three orders of magoïtude per decade. Since the naturaI

frequencies ofaU the stages are on the order ofa few Hertz, f)oor vibrations ofas much as

several micrometers with frequencies higher than several tens of Hertz should be

attenuated at least a thousand times and frequencies of several hundred Hertz should be

attenuated a million times. If the vibration amplitudes are less than micrometer, the

amplitude ofVlèrations ofthe SlM will be less than one nanometer above a few hundred

Hertz.
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3.3 Precision Motion Control

When the microscope tip is close to the sample and the tip is being scanned back

and forth, very precise motion control is needed to keep the tip to sample distance

constant. Since the tip to sample distance is usualIy on the order of tenths of a

nanometer, the tip aetuator needs to be controllable to within at least the picometer range.

The response time of the aetuator should be fast 50 that images of surfaces can be taken

quickly. Ifthe response time is too slow, the tip will not be able to move quick1y enough

to keep the gap constant and may crash into the surface3
. Finally, the actuator must have

a range ofmotion large enough !hat it is easy to position the sample within its reach.

There are many different materials !hat respond to an applied voltage by changing

their shape. These fa1l into two broad categories, piezoeleetric materials and

electrostrietive materials. Both ofthese materials exhibit continuous changes in dimension

as the voltage is changed. The aetual shape change that occurs is a funetio!l of material

composition and geometIy. The minimum "step size" of an aetuator made from either

type ofmaterial is limited by the type ofmaterial, the shape of the aetuator, and the noise

level ofthe applied voltage4
• Both piezoeleetric and electrostrietive materials can be made

into aetuators a few centimeters long with better than picometer resolution. The

maximum dimension change is determined by the matetial composition, geometIy, and by

the maximum eleetric field !hat can be applied.

Other types of materials or aetuators !hat could be used include photostrietive or

magneto-strietive materials, or electromagnetic aetuators. Photostrietive and magneto­

strietive materials exln"bit a dimensional change when irradiated with light (see for example

[Uchino, 1990]) or are subjected to a magnetic field. Electromagnetic aetuators are not

used for SlM because commercially available aetuators generate heat in the current coils

!hat causes thermal expansion that would distort images, have low resonant frequency

(because ofa large mechanical structure) which limits their perfonnance, and do not have

the required picometer resolution.

>!he con1rol algorithm1ISed= also be fast Clloagh te pre=tthe tip flllm c=bi1lg into the sarface.

• For exttemely sma1l cIispIaœmcn1s.motiQllS clue te Slatistical1l1lClWltiQllSwill actllalIy be the limit te the stcp size.
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AImost aIl sm designs use piezoeleetric ceramics for precision motion control.

Piezoeleetric ceramics are relatively inexpensive (SI00-S200 for a typica! part used in

STM) and are widely available from a variety of co=ercial sources (e.g. EBL Crystal

Produets, East Hartford, CT; Siemens, Erlangen, Germany; Morgan Matroc, Vernitron

Division, Bedford, OH; Phillips, Eindhoven, Netherlands).

The piezoeleetric effeet was fust discovered in single Cl)'stals of quartz by the

Curie brothers in 1880 [Chen, 1993]. In piezoelectric materials, two or more atoms form

an e1eetric dipole that creates a permanent e1eetric field. When an extemal field is applied,

the equilibrium distance between the atoms changes. It is the change in spacing between

the atoms that causes the observed change in size ofthe material.

The most co=only used piezoeleetric material in scannjng tunneling microscopes

is Lead Zirconate Titanate (or PZT). In its co=ercial form, PZT is a ceramic made up of

small grains of crystalline PbZrO:; and PbTiO:;. The piezoelectric effeet reaches a

maximum when the composition is about 4S% PbZrO:; and SS% PbTiO:;. Co=ercial

PZT usuaIly includes a small percentage of impurities to optimize the properties for

different applications.

When the ceramics are made, the dipoles of the crystalline grains are oriented

randomly. For the microscopic changes in grain size to be observed on a macroscopic

level, the dipoles must be aligned with each other. The "poling" process, usually done

during manufacture, requires that the material be placed in a very high e1eetric field (for

Lead Zirconate Titanate, the reco=ended poling field is 6xl05 Vlm for at least an hour

[Chen, 1993, Ch. 9]).

Iftwo e1eetrodes are put on opposite sides ofa rectangular piece of (poled) PZT,

the dimensions x, y, and =of the PZT change linearly with applied e1ectric field E (see

Figure 3.2):
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where by convention, the z direction is the direction of polarization and is denoted by the

subscript 3. d33 ,d3p and d32 are caIled the piezoelectric coeflicients and, for PZT, have

typica1 magnitudes between about O.OS nmN and 0.6 nmN s.

v

z

~ x

~------.....", Electrode

Piezo

Electrode

Poling Directiont
Figure 3.2: When voltage is applied to the electrodes on the piezoelectric material, the
shape ofthe material changes.

Severa! properties ofthe PZT materials need to be kept in mind during use. There

is a maximum field that cao be sustained by the materials. If the piezo is subjected to a

field beyond its maximum, the material cao be damaged or, if the field is in the opposite

direction of the po1ing field, the dipoles cao lose their aligoment and the piezoelectric

effect is weakened.
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The dipole aIignment cao aIso be lest if the ceramic is raised beyond its Curie

temperature (typicaIIy 200 to 300 degrees Celsius). Above the Curie temperature, the

individual grains have enough thermal energy to reorient themselves randomly and the

piezoeIeetric effeet is partiaIly or compietely destroyed. At temperatures below but close

to the Curie point, the piezo material will graduaIly lose its dipole aIignment, since some of

the dipoles will still have enough energy to reorient themselves.

Even weIl below the Curie temperature, temperature changes cao cause significaot

variations in the piezoeIeetric properties. A temperature rise from O°C to 100°C, for

example, cao change the d31 coefficient by between 10% and 40% depending on the

specific PZT ceramic used. If large temperature variations are expected during operation

of the STM, changes in properties need be taken into account when choosing the specific

PZT material used for fine position control. Special design precautions may need to be

taken to compensate for length changes ofthe PZT due to thermal effects.

There are aIse time effects in PZT. First, there is a long term change in the

piezoeIeetric coefficients as some of the ceramic dipoles continue to change their

aIignment (relaxation) after the initial poIing process. The changes are logarithmic with

respect to time and so the materiaIs graduaIly become more stable. The change over time

of the piezoeIeetric properties varies from less than 0.1% change per time decade to

aImost 7"10 per time decade (again depending primariIy on the specific composition ofthe

chosen PZT ceramic).
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Figure 3.3: Measared c:reep of piezo tube position lifter step chaDges iD the applied voltage. The
zero position corresponds to zero volts applied to the tube.

The second time effect in PZT is a creep when the PZT is subjected to a voltage

change. After an initial step change in position, the ceramic continues to move slowly in

the same direction for some time. Ifmany steps are taken in rapid succession and in

different directions, the creep direction can be difli.cult to prediet because ofthe combined

effeet ofcreep from ail the steps. PZT creep can be as high as 20% ofthe step size (see

Figure 3.3, whieb is aIso discussed in Chapter 1) and lasts over a time period ofminutes.

Creep can cause significant image artifaets, particular1y ifa large piezo voltages are used.
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Another property of PZT ceramics !bat can diston images with large height

variations is piezo hysteresis (measured hysteresis is shown in Figure 3.4). Hysteresis is

caused by energy 1055 through internai friction in the piezo material itse1f. The piezo

length follows a different path when the voltage is inCfeasing !han when the voltage is
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Figure3.4: Measured piezo hystereSis. At a givm e1ectrode voltage, the piezo tube length
depends OD ...hether the \'Oitage is inc:reasing or decreasing.

decreasing. When the piezo material is subjected to large position changes, the difference

in the path can become quite large6. The composition orthe PZT ceramic material can be

• Far cxamplo; Hues et al [Hues et al. 1994] mcasurod a hyslercsis curve v.ilcsc maximumpalhdiff=WIS 0_

200 1Ull far a total 1ength clwlge inthclrpi= tnbe ofjust 0_1400 1Ull.

26



adjusted to reduce hysteresis. However, materials with less hysteresis genera11y have

lower piezoelectric coefficients which reduces the position range over which the aetuators

can beused.

Other non-Iinearities also cause image defeets for large piezo displacements. The

piezo coefficients are not aetua11y constant with applied field. As the magnitude of the

field increases, the displacement per volt increases ([\liera, 1986], [Hues et aL, 1994]).

In aImost ail STM imaging, non-Iinearities are ignored. They are ignored in part

because they tend to be fairly sma11 (less than five or ten percent of the total image range)

but mostly because hysteresis and creep have not been weil modeled for STM and so it is

difiicult to compensate for them.

For the :first few years of

STM development, the scannjng

mechanism consisted of three

ZPiezo

'''hen piezoelectrics are used as the tip aetuator for STM, the tip needs to move in

three dimensions - two dimensions paral1e1 to the surface to scan back and forth and one

perpendicular to the surface to

maintain a constant distance from

the surface.

!
YPiezo

Figure 3.5: Piezoelectric tripod configuration for STM
Sl:lIDIltr.

orthogonal piezoelectric elements

in a tripod configuration shown in

Figure 3.5 (see for example [Binnig

and Rohrer, 1983]). Movement in

any direction X, y, or Z occurred

when the corresponding piezo

element was extended or

contraeted. The other two
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elements of the tripod flex sIightly to acco=odate the length change. For the tripod

system, it is assumed that the displacement along any of the three axes is simply given by

the length change ofthe corresponding piezo:

ôx, = KD.v;,

where ôx is the change in length of the ith axis, K is the change in length per volt appIied

(K =d 31 l;{ ,L = length ofpiezo element, t =thickness ofelement), and .6.P; is the change

in appIied voltage. When one piezo element is extended, the other two bend sIightly to

acco=odate the change in position. For the very stnall deflections used in STM scans,

the strains are stnall enough that the coupIing between axes is negliglole. As STM designs

improved and higher perfottnance was sought, the tripod system fell out offavour because

of the low mechanical resonance frequencies (typically about 3 kHz) that arise from

having to move the masses ofall three piezo elements.

In 1986, Binnig and Smith introduced the tube scanner [Binnig and Smith, 1986]

with an inner ground electrode and four outer quadrant electrodes (see Figure 3.6). A

tube scanner can be made stnaller (and therefore bas a higher resonant frequency) than a

tripod scanner with the same range of motion. A voltage applied to all four external

quadrants at the same time extends or contraets the tube. For motion in the x or y

direction (perpendieular to the axis of the tube), a positive voltage is applied to one

quadrant and an equal magnitude but negative voltage is applied to the opposite quadrant.

One quadrant extends while the other contraets, creating a torque that bends the tube and

moves the STM tip. Even at maximum bending radii, the length change in z is very sIight

because the motions are very stnall (t"ipically less than l,um x and y motion for a tube

about 10 = long, which causes about a 0.1 nm change in z).

The magnitudes of the x and y deflection of the piezo tube due to an applied

voltage bas been analytically solved by Chen [Chen, 1992]. Chen finds the tube deflection

in both the case where a bipolar voltage is applied (the inside electrode is grounded and

opposite outside electrodes are at potentials +Vand -P) and the case where a voltage is

only applied to a single quadrant and all other quadrants are grounded. The piezo tube
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Figure 3.6: Piezoelectric tube witb. foar 0lIter e1ectrodes. When a voltage is applied between 0lIter
e1ectrodes (clark gr.ay) and the Ù1Der e1ectrode (on the Ù1Der smface orthe tube), the piezoelectric
tube deflects.

aetuator used in this thesis used a bipolar voltage configuration. For a bipolar voltage V, a

piezo tube ofinner diameterD, thickness h, and lengthL with one inner eleen-ode and four

(quanered) outer electrodes (Figure 3.6), the deflection tJ.y is:

tJ. - 2.Jïd31L
2

V
iJ'- hD1r .

Th 2.r2t4,L2 . called th . d d . th . . . de term 15 e plezo constant an etermmes e sensrtlVlty an range
hD1r

ofthe piezo tube in the y direction. Since the piezo tube is symmetric, the piezo constant

for the x direction is identical:

t:.x = 2.r2t4,13 V' ,
hD1r

where V' is the bipolar voltage appIied to the x-direction eleen-odes. The piezo constant

for the 12.5 mm diameter, 12.5 mm long, 0.51 mm thick piezo tube used for this thesis is

3.8 mnIV.

If the same voltage is applied to the four outer electrodes, the tube undergoes a

strain in the z direction ~=V~ or
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.1= =Co,,"- V

h '

where V is the voltage applied to al! four electrodes. The z direction piezo constant for

the piezo tube used in this thesis is 4.2 =N.

By applying a voltage to al! four outer electrodes to elCtend the piezotube in the z

direction or adding bipolar voltages to the two x and the two y electrodes, the end of the

piezotube can be moved in al! three directions. The piezotube provides a very compact

solution for precise motion.

The range of motion of the piezotube aetuator is limited by the maximum electric

field that can be applied to the piezo ceramic. For a piezo tube that has a thickness of

0.51 mm, the maximum applied voltage is 240 V. The total displacement in the X, y, and z

directions are ±845 nm, ±845 Dm, and ±1000 nm.

The resonant frequencies of the piezo tube can be calculated using standard

equations. In the longitudinal and bending directions, the resonant frequencies are:

where Yis the Young's modulus and pis the density of the piezo material. Dis the outer

diameter of the tube and dis the inner diameter [Chen, 1993]. For the tube used, the

resonant frequencies areflonK = 58 kHz andf_= 22 Hz.

3.4 Temperature Considerations

While dimensional changes that 0= as the temperature rises or fàlls are often

considered insignificant, they become very important when looking at features on the

nanometer and subnanometer scale. The change in length C3"Sed by a c1wIge in

temperature is given by:

30



I!J = loal!J.T,

where I!J is the change in length, 10 is the length of the objeet, âT is the change in

temperature, and a is the coefficient of thermal expansion (which in general is a function

ofthe temperature).

For many solids (mcluding most metals and many ceramics), the coefficient of

thermal expansion at room temperature is between 1x 10""° C and 40 x 10""° C. The

piezo material PZT bas a coefficient of about 4 x 10'"'0 C. For the standard piezo tube

length used in most sm designs (mcluding the sm described in this thesis) of 12.5 mm,

a one degree Celsius change results in a length change of aImost 50 nm. To keep the

length change below one nanometer, the temperatu.~should be kept stable to within one

fiftieth of a degree over the time period of the image acquisition (wbich can be severa]

hours).

There are three approaches that can be taken to reduce the eftèct oftemperature

changes on the acquired images. First, by the=a1ly isolating the sm with an insulating

box, the temperature fluctuations in the laboratory can be sigoificantly reàuced. The sm
described in this thesis sits inside a custom built environmental isolation box with

fiberglass insulation [Brenan et al, 1992].

Second, by carefully desigoing the SIM, it is possible to compensate for the

thermal expansion (see for example [po~ 1986], [van Kempen and van de Walle, 1986],

[Lyding et al, 1988], [Albreksten et al, 1989], [Gaisch et al., 1992]). Ifthe frame ofthe

sm (wbich connects the sample and the end ofthe piezo tube) is made ofa material with

the same thermal expansion coefficient as the piezo aetuator, the length change of the

piezo tube with temperature will be. exaetly compensated and the tip to sample distance

will stay constane.

Finally, by giving the sm a reIatively 1arge thermal inertia (by connecting the

sm to a 1arge heat sink for example), rapid fluctuations in the temperature can be

7 Samc STM cIcsignsuse a scccmd pi=elcdric tlIbc as the STM fnune to m&tch t!le tbcmal c:xpaDSian cœflicicnt
exactly.
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rnjnirnjzed and only very slow temperature changes that change the heat sink te:mperature

will cause microscope length changes.

For the microscope descn"bed in this thesis, it was found !hat the combination of

the thermal mass of the microscope structure and the insuIation in the environmen:taI

isolation box were sufficient to give stable images if the irnaging rime was short « 10

minutes). For longer irnaging rimes, thermal drift was found to affect seme ofthe images

but could aImoS! always be corrected for by a simple linear slope removal since the drift

was generally close to linear over the acquisition rime « 1 hour).

3.5 Microscope Tip

hl order to get atomic resolution images ofa SUIface, the microscope tip needs to

have a single stable atom at its apex. Many methods have been used to sharpen tips but,

as ofyet, there is no procedure !hat guarantees a peâect mOna!omic tip. The tip material

is generally chosen to provide fairly good conduetivity (the resistance of the tip must be

much less !han the resistance ofthe tunneling gap) and high stiflhess se that interatomic

forces do not cause bending which will change the observed ÏIlldge. The ideal STM tip is

conical with a Iarge apex angle to increase the stiflhess and bas a single atom at the end.

Determining the sharpness of an sm tip is not easy. Light microscopes can only

observe features sizes of hundreds of nanometers. Standard electron microscopes are

limited to severa! nanometers resolution. Transmission electron microscopy is the most

common method used to determine the tip shape, with resolution below 1 nanometer.

Early attempts by researchers to make sharp tips for field ion microscopy and field

ion spectroscopy used mechanical grinding to create a conical profile. However,

mechanical grinding did not give sufficiently sharp tips and electrochemical etching quickIy

became the favoured method for tip preparation.

The mos! commonly used materials for STM tips are PlatinumlIrldium alloys or

Tungsten, both chosen because of their high stiflhess. Gold is also used for sm tips

because it is very inert.
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The most often used eIeetrochemicaI method is the drop-off method. A thin wire

ofthe tip material is partly submerged into an eIeetrolyte and an etching voltage is applied

between the wire and a counter eIeetrode. The etching occurs fastest at the air-eleetrolyte

surface, forming a thin neck in the wire that eventnally breaks under the weight of the wire

hanging in the solution. Tungsten tips are typically etched at 4 to 12 Volts (tungsten tip

positive) in a 2M aqueous solution ofNaOH [Chen, 1993][Ibe et al, 1990]. For PtIIr tips

(typically 80% Pt a.....: 20% Ir), a solution of3M NaCN and lM NaOH can be used with

an alternating 20 V applied [Nagahara et al, 1989]. The et al obtained tips with radü of

curvature ofbetween 20 nm and 300 nm by varying the conditions ofthe etching.

Fotino developed a two-step method of tip etching that routinely produces tips

with nanometer and sub-nanometer radü of curvature at the apex [Fotino, 1992],[Fotino,

1993]. In the first step, Fotino etches tungsten tips with an AC voltage of0.1 to 0.5 V to

get a tip with curvatures of hundreds of nanometers. Then, the tip is etched with the tip

completely immersed and pointing upwards, at similar or lower voltages.

Tips etched using both the standard drop-off method and Fotino's method were

used as the probes for the STM built in this thesis. However, even with Fotino's

ultrasharp tips, the stability of the tunneIing gap and atomic resolution were not

guaranteed.

WhiIe etching tips is not complicated, it was often easier to simply clip the tip with

snips jus! prior to use. For PtIIr tips, clipped tips gave atomic resolution about haIf the

time. Since the microscope is operated in air, ifthe tip does not give atomic resolution, it

is easy to cut a new tip and try again, and so the reIiability of each individual tip was not

important. WhiIe clipping is very easy, the tips produced are not good for imaging very

rough surfaces (roughness of> 10 nm) because there are often multiple 'tips' created. As

an image is being acquired, the tunneIing current can switch between the different tips

depending on which is closest. The image acquired is the convolution ofthe sample and

the tip geometry.
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3.6 Conclusions

In this chapter. special requirements for designing and STM were discussed. In

order to image at the atomic scale. the magnitude of vibrations in the laboratory

environment must be reduced to below a nanometer. The tip of the STM must be

positioned with an accuracy much Jess than a nanometer and should be sharp with a

single atom at its apex. Finally. temperature effects caused by thermal expansion must be

minimized so that thermal drift does not cause significant image artifacts.

The STM that was built is shown in Figure 3-7. Construction drawings of the

Figure 3-7: Photograph orthe STM as built. The rectangle on the len is the backside orthe eUrre:Jt
amplifier circuit board. The coarse approach nanosled is on the right, sitting on saphire rods. A
6.25mm diameter piezo tube aetuator extends rrom the sied with a counterweight mounted on its end.
A 12.7 mm diameter piezo tube aetuator (center orimage) holds the STM tip and sans the tip across
thesample. For rcrerenee, theSTM base is roughly 100 mm long and 60 mm higb•
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mechanicai parts of the microscope are included in Appendix A The following chapters

c1iscuss some ofthe specific details ofthe design.
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Chapter 4: Coarse Approach - the Nanostepper

The piezoeleetric actuators used for STM have a limited range of motion (about a

micrometer). A mechanism is needed to bring the sample into position so it is within the

range of the tip. Many different approaches have been taken to solving the 'coarse

approach' problem for scanning tunneling microscopes.

4.1 Design
Binnig and Rohrer's first STM used a piezoeleetric walker to move in two

dimensions [Binnig et al., 1982], [Binnig et al., 1983]. Three walker feet, aetuated with

piezoeleetrics, alternately s1ide over a fiat supporting surface or are c1amped to the

supporting surface by an electrostatic force. Small step sizes, from nanometers to

hundreds of nanometers, give very accurate position control Similar designs have been

used in many SlMs (e.g. [Gerber et al., 1986], [Murait et al, 1986], [van Kempen and

van de Walle, 1986]). Uozumi built a similar piezoeleetric stepper which used one piezo

actuator to lift each leg away from the surface and another to move the legs parallel to the

surface [Uozumi et al, 1988].

Burleigh Instruments (F1Shers, New York) makes a piezoeleetric stepper cal1ed the

Inchworm® (described in [Chen, 1994], pp. 278-9). A stnall alumina shaft is mounted

inside a three part piezoeleetric s1eeve. At. each end ofthe s1eeve the piezoeleetric material

is arranged so that an applied voltage clamps the s1eeve to the alumina sbaft. Between the

two clamps, a piezo tube extends or conttaets parallel to the alumina shaft. By activating

the three parts in sequence (clamp the fi.-st end, extend the tube, clamp the second end,

release the first end, contraet the tube, ...) the inner alumina shaft can be moved in steps as

stnall as 10 nanometers.

Wblle both the Inchworm and the piezoeleetric walker can make sm2ll steps and

have a large range ofmotion, they have many moving parts and are relatively complieated

to build. Many designs use simpler mechanical approaches to achieve the sub-micrometer

resolution that is needed for the coarse approach.
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For example, Steer et al. use a fine threaded screw followed in tum by a lever arm

to make very small movements [Steer et al., 1990). Davidsson et al. mount the sample on

a base plate which is supported by three steel ball-bearings, one ofwhich can be raised or

lowered using a micrometer [Davidsson et al., 1992). By putting the sample close to the

two non-moving ball-bearings, which aet as a lever fulcrum, the micrometer motion is

reduced by ten times. A more complicated two lever system which ensures that the

sample remains level as it is brought towards the tip was used by Grafstrom et al.

[Grafstrom et al., 1990].

Coarse positioning has also been implemented using differential spring

mecbanisms. In the design used by Albrel."tsen et aL, the sample mounts in the center ofa

thin triangular metal plate which is fixed at the corners [Albrektsen et aL, 1989]. A helical

spring pushes down at the center of the triangular plate. The other end of the spring is

moved up or down by a micrometer. The ratio of the spring constants of the plate and

helical spring determines how much the motion ofthe micrometer is reduced. Using a stiff

plate and compliant spring, the micrometer motion can be scaIed down significantly.

Jian et aL use gravity and an electromagnet for approaching the tip to the sample

[Jian et al., 1990]. The tip is mounted on a small ferrite block which is held in place when

the magnet is on and falls freely when the magnet is tumed off. The step size is

determined by the length oftime that the magnet is off. Adamchuk uses a micrometer to

push a wedge that raises the sample to within range of the tip [Adamchuk et aL, 1992].

Carr and Thomson bullt a coarse approach that relies on the manufaeturing errars in

bearings [Carr and Thomson, 1992]. They rotate a thin shaft supported by.bearings which

are slightly canted due to asymmetries ofmanufaeturing and cause the shaft to translate at

30 to 50 micrometers per tum.

A very successful type of coarse approach uses inertial steppers or 'slip-stick'

mecbanisms. In 'slip-stick' designs, either the tip or the sample is mounted on a sliding

translation stage. By contraeting a piezo tube te rapidly acceIerate a counterweight, the

flÏctional force ofthe stage can be overcome and the stage will slide. When the piezo tube

is extended slowly, flÏctional forces keep the stage in place.
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In the first piezoelectric inertial slicling design, Pohl put the stage to be moved on a

track «(pohl, 1987], [pohl, 1987a)). The track is accelerated quickly by a piezo tube,

causing the load to slip. A sawtooth voltage waveform was applied to the tube; during the

linear rise in voltage, the track moves slowly and the load follows. The very fast change in

the sawtooth voltage causes the tube to contraet quickly and the track accelerates too

abruptiy for the load to follow (the ratio offriction force to weight exceeds the coefficient

of static friction). Pohl measured step sizes from 40 nanometers to 200 nanometers and

velocities up to 0.22 millimeters per second.

Lycling et al. use a small quartz sample holder on quartz rails for the coarse

approach of their microscope [Lycling et al., 1988). A piezo tube acceIerates the quartz

rails, moving the sample holder in steps of 0.5 nanometers to 1 micrometer. Wrth step

frequencies in the kilohertz range, the sample velocities reached 1 mm/s. Meepagala et al.

use one 'slip-stick' stage for the sample and an orthogonal stage for the tip to get

translation in two directions [Meepagala et al., 1990).

Wildoer et aL and Smith et aL

use similar designs for coarse

approach/micro-positioning devices

up. Iftwo ofthe ball-bearings ron in

a V-groove on the supporting

sumce, the motion is constrained tO

one dimension.

piezo plate

M

Figure 4-1: Stepper desigD ased by N"JedermaDD et aL
(1988). When a voltage V is applied, the piezo plate
andergoes a shear defonnatïolL During slow cIwtges
iD ,1lltage, the baU beariDgs remaiD iD c:ontact with the
sapportÏDg scrface. When the voltage chaJages qaickly,
the iDertial force cœeds the force or stade fricdOD and
the baU beariDgs s1ide. makiDg ODe step.

Neidermann built an inertial piezoelectric stepper that bas the piezo aetuator on the

moving stage [Neidermann et aL, 1988). A piezoelectric plate, polarized sa that an

applied voltage causes a shear deformation, lies between two masses (see FIgure 4-1).

The lower mass is attached to three ball bearings which sit on a fiat table. A sawtooth

waveform applied to the piezo plate

moves the large upper mass slowly to

one side and then very quickly

accelerates the lower mass to catch
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(Wtldoer et al., 1994], [Smith et al., 1994). In both designs, the trans1ation stage is

supported on two rods, one of which slides in a V-groove to ensure that the motion is

linear (as shown in Figure 4-2). By mounting a second stage on top of and perpendicu1ar

to the first, the two stages can move independently for movement in two dimensions.

J..ike Neidermann et al., Wtldoer et al. use a piezoplate as the aetuator. A

disadvantage ofusing a piezoplate design is that there is a slight backJash because the load

rides on top of the aetuator. During the rapid acceleration, the large mass M (see Figure

4-1) moves slightly backwards as the smal1er support mass mis pulled forwards. Each

sharp acceleration gives a small backward motion before the mass is brought slowly back

towards the tip.

The design of Smith et al.

also incorporates two orthogonal

motion stages piggy-backed one

above the other. Smith et al. use

piezo tubes as the aetuators instead

of a piezo plate (Figure 4-2 shows a

one dimensional micro-positioner

that uses the design of Smith et al).

With a counterweight at the end of

the piezo tube, the rapid

accelerations of the tube move the

Counterwelght _

Piezo tube -

Sopphire rod./'

stage. During the slow extension of

the piezo tube, only the

counterweight moves. During the

fast contraction, the force of friction

of the motion stage is ex:ceeded and the stage slides along the track. Back1ash is mostly

Polished ~=c.steel troclcs r-'z--'--r

Figure 4-2: Stage for one-dimeDSionaI traDslation n!'Ùlg
the mic:ro-POsitiODÙlg device ofSmith et al When the
piezo tnbe is e::Etended s1011'1y, the stage dues Dot s1ide.
DnriDg a fast contraction of the piezo tnbe, the statie
friction is overcome and the stage moves. The
microscope build for this thesis lISes this design for the
coarse approach.

eljmin ated because motion of the stage occurs only during the fast contraction phase.

Smith et al measured step sizes between 1 and 100 nanometers, depending on the applied

voltage and frequency ofthe pulses.
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Backlash can be further

eljmjnated by using a waveform

that bas only one sharp

acceleration per step. A sawtooth

waveform results in two sharp

sawtooth, the counterweight can

have momentum in the reverse

direction. At the stan of the slow

motion section of the sawtooth,

the sharp change in direction ofthe

counterweight causes momentum

transfer to the stage. Smith et al.

use a cycloidal waveform to get

. . . . . . . . .
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Figure 4-3, Plot of a triaDguIar waveform (above) and a
cycloidal wa,'dorm (bdow) that are applied ta the piezo
tllbe. The lllIDo-motion stage mO\'eS whea there is a sharp
ehange in the veloclty of the counterweight. The veloclty
of the piezotube is proportional to the s10pe of the applied
wa,-eform 50 the movemeat occurs at sharp ehanges in the
wa,-eform s1ope. Note that there is oDJy one sharp
acc:eJeratioD perperiod of the cycloid waveform whereas
the triaDguIar waveform bas two sharp acc:eJeratiOllS.

only one large acceleration per step (see Figure 4-3).

accelerations:

acceleration

during

phase

the quick

of the

4.2 Current Design

The scanning tunneling microscope built for this thesis uses a coarse approach that

follows the design of Smith et al. The base is made from stainless steel. The V-groove

and a fiat track are machined directIy into the base (see Figure 4-2). The 25 mm by 25

mm sied is epoxied (2 Ton Epoxy, Devcon, Danvers, MA) to tw<:> 6 mm diameter by 50

mm long ground saphire rods. A thin glass cover slide is expoxied between the sied and

the piezo tube actuator to provide electrical isolation. At the end ofthe 635 mm diameter

12.5mm long tube, a 12mm long M4 boIt is glued as a counterweight. The mass of the

counterweight can be adjusted by adding or removing M4 mlts.

When fully assembled, the sied bas a mass of 45 grams (mcluding the sample

holder and a sample). The counterweight, with four steel mlts, bas a mass of about 4.5

grams. Electrical connection to the piezo tube is made by two very thin wires to minim;ze

the force transmïtted along the wires to the sied.
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Smith's design was chosen over other designs because ofits simplicity and the ease

with which very flexible computer control can be implemented. For each stage, the nano­

stepper has only a single aetuator and needs only two wires for eIeetricaI conneetion. By

using an anaIog to digital converter, a computer can generate the applied voltage

waveform, making it very easy to change both the amplitude and the period in order to

generated different step sizes.

4.2 Interferometer for Calibration

The micropoSÎtioner step sizes are as smaII as 10 nanometers and the range of

motion can be sever1Ù miIlimeters. To determine both step sizes and the uniformity ofstep

sizes, a measurement technique is needed that gives both high precision and large range of

motion.

If the path lengths

followed by the two separate

beams are equal or difrer by an

integral number of wavelengths,

the two beams will be in phase

when they reach the photo­

detector and they will interfere

construetively. The light intensity

AID

TOCOMPUTER

V
1

•
M3 BS' PD

. ~<--70->­,!,nt;j HM" A
NANOSLED ±

M2

Fi:are 4-4: IDterferometer layout. Ml, M2, and M3 are
mirrors, BS is a beam-splitter, and PD is the photodetector.
M3 is mOlmted OD the nanosled 10 measure the sied positiOD.
Not showD iD the figure are two poIarizen and a 45"
rota1or located betweeD the laser and Ml (see te:à).

A Helium-Neon laser Q..=632.8 nm) Michelson interferometer was set up to

caIibrate the operation ofthe micro-positioning stage (see Figure 4-4). The laser beam is

split into two paths by the beam splitter (BS). One path reflects off a reference mirror

(M2) and retums to the beam splitter while the other path reflects off a smaII miITor (M3)

mounted on the moving stage.

The two beams, recombined by

the beam splitter, trave! towards

the photodetector (PD), which

measures light intensity.
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measured by the photodeteetor will be high. As the micro-positioDing stage is sIowly

moved so that the path lengths are no longer equal, the intensity will drop as the beams

sbift out of phase. If the path length traveled by each beam differs by half a wavelength

(IJ2), the two beams interfere destructively and the intensity at the photodeteetor is zero

(A. is the laser wavelength).

The intensity ofthe measured light is giving by the equation:

where Id_mi is the deteeted intensity, 1_ is the maximum deteeted intensity, d is the

difference in path lengths, and J.. is the laser wavelength. As the sIed is moved over

severa! wavelengths, the intensity rises and fa1ls every ~. When the position ofthe sIed

changes by integrai multiples ofhalla wavelength, the deteeted intensity before and after

the position change is the same.

To measure the change in position of the sIed, two different methods are used

simultaneously. Large changes in position (> %) are measured by counting mnges.

Each light-dark-light transition corresponds to a movement ofhalfa waveiength. Smaller

changes in position are measured by inverting the equation for deteeted intensity:

J.. {I _J.[)
M=-arcco ~ 2 .... ,

4" -:1....

to interpolate betWeen fringes to get a measurement resolution well below %.

The derivation of the equation for M ignores a number of complicating factors

that produce errors when using an interferometer [Charette, 1990). The effeet ofthese

errors is to limit the resolution that can be achieved. Misalignment of the miIrors,

fluctuations of the laser light intensity and waveiengtb, and changes in path length due to

thermal elCpansion an reduce the precision of the interferometer. Other sources of error

are opticai shot noise (fluctuations of intensity from individual photons being detected),

electricai noise in the photodeteetor, and mechanicai vibrations. Fmally, there are
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sampling errors caused by quantization when the voltage from the photodetector is

sampled by the analog to digital converter.

In order to mjnjmjze errors caused by fluctuations in the environment, an

environmental isolation box v.as used during measurements which provides thermal,

e1ectromagnetic, and vibration isolation [Brenan et al., 1992). The laser generated

significant heat during operation which led to varying thermal gradients inside the isolation

box during experiments and caused significant drift in the measured position. To reduce

the thermal gradients, the laser was wrapped in copper tubes carrying a f10w of cold

water. The overa1l dimensions of the interferometer were kept as sma1I as possible to

reduce thermal expansion effects from remainjng temperature changes.

Instabilities in the laser intensity caused by laser light reflected back into the cavity

were reduced by using two polarizers with a forty-five degree rotator. The polarized light

from the laser passes straight through the first polarizer, is rotated by 45 degrees and

passes through the second polarizer, which is aligned at 45 degrees. Light that is reflected

back from the interferometer maintains its polarization and can pass back through the

second polarizer. However, the light undergoes a further 45 degree rotation and, when it

reaches the first polarizer again, is rotated by 90 degrees relative to the polarizer and

cannot pass back through to re-enter the laser cavity.

The interferometer noise leve1 for measured position was less than five nanometers

over a range of315 nanometers ("'~) and less than ten nanometers for 1arger motions

(the greater errer for large motions is due mostly to diflicu1ties in determining the exact

location of the fringe peak; a small errer in the interferometer intensity near the fringe

peak gives a large errer in the calculation ofthe inverse cosine). The interferometer signal

drifted over time by less than 80 nm per hour. Typical experiments to determine the

coarse approach step size took we11 under one minute and so the drift over time did not

contribute significantly to the error (a maximum of1.33 nm 1minute).

43



~.
~A

V
I~ - ~,

XlSV
~"Y;,""3htffl; ) , ; ,

NANOSLED

Figure 4-5: Compnter control for the nanostepper.
The cycloid wa,'eform is output nsing the digital to
anaIog converters and then amplified IS times for a
maximnm peak to peak ,'Oltage of300 V at the
stepper piezo tube.

4.3 Calibration

Severa! measurements were

made in order to prediet the step size

from the applied voltage waveform.

Both the frequency and the amplitude

of the applied voltage were changed.

In al1 the measurements, the voltage

waveform applied to the piezo tube

was a sixth order polynomial least

squares fit to a cycloid (only even

coefficients were used because the

function is symmetric around zero).

The equation ofa cycloid is:

v = sinu,

1 = cosu+u,

where V is the voltage, 1 is rime, and u is a parametric variable. A polynomial

approximation giving Vasa function of1 is:

V(l)""at: +bt +CI6,

where a =6.3898, b =-21.0841, and C = 106.0182. The shape of the waveform is shown

in Figure 4-3 above and, for the values ofa, b, and c given bas an amplitude of 100 and a

period ofl.

The values V (/) are calculated by computer for discrete values of 1 and are saved

in a looknp table sc that they tan be quick1y referenced when a step is being made.

During a step, the computer uses the table to set the voltage of a digital to analog

convener every ten microseconds (the maximum output rate of the DIA) until the·

complete waveform bas been output. The computer tan multiply the table values by a

gain value to scale the waveform up to a maximum 20 V peak to peak at the output ofthe

1 TVXJ/DAC 16. Tasco ElecttoDics, PIain';ew, New YOI!c m01ll1led in VXI CIale HPE140lA, Hewlen Pacbrd.
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digital to analog converter. A high voltage amplifier with a gain of 15 times increases the

maximum piezo voltage to 300 V maximum peak to peak (see Figure 4-5) which increases

the range and maximum velocitythat cao be given to the counterweight.

Using a computer to control the stepping waveform makes the coarse approach

very easy to adapt. The amplitude, period, and the shape ofthe pulse applied to the piezo

tube cao be changed by rewriting a few lines oÏa computer program. Ho~ever, the digital

nature of the computer output creates differences between the desired waveform and the

resuIting waveform.

First, bealuse the voltage is only updated every 10 IlS, the voltage from the DIA

converter will be a series of steps and so the appro:rimated cycloid will not be contïnuous.

The aetuaI response ofthe voltage at the piezo tube will be smoothed somewhat from the

discrete steps that come out ofthe DIA convener bealJ1se of the limited bandwidth ofthe

high-voltage amplifier and ofthe piezo tube. The stepped nature ofthe output waveform

will affect the operation ofthe micro-positioner more when voltage changes between each

DIA update are large. For waveform periods of a mj11jsecond or longer which have

hundreds of voltage updaœs per pulse, the voltage applied to the piezo tube is smooth

enough to have little effect on operation ofthe stepping motor.

There are also errors in the output waveform that are caused by the quantization

inherent in digital representation. The digital to analog converters used to control the

micro-positioner are 16 bit (14 bits linearity) conveners with a range of ± 10 V. With a

high-voltage amplifie. gain of 15 times, the smaIIest change in voltage applied to the piezo

tube will be ô,V = 15 X 20%14 = 18mV. When ô,V is the same order of magnitude as

the voltage pulse, the minimum change in voltage cao cause significaot distortion of the

output. In practice however, the amplitudes needed to drive the piezo tube are large

enough (> 45 V) that the DIA qnanriZlltïon is not significant. In fàct, the step changes in

the voltage due to the discrete time updates ofthe output are typicalIy much larger than

ô,V.
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60V and a pulse duratioD of0.5 ms.

Some results of the cahbration experiments are shown in Figure 4-6, Figure 4-7,

and Figure 4-8. Figure 4-6 shows the measured position of the sIed over 100 steps

forward and 100 steps backwards for a 60 V, 0.5 ms waveform. Both the forward and

reverse directions are close to Iinear, which allows accurate control of the position even

after many steps. A few things should be noted. FlfSt, after 100 steps forward followed

by 100 steps in the reverse direction the coarse positioner does not end up in the same

place that it started. The difference in step me between the forward and reverse

directions is due to in part to sIight asymmetries in construction but is callsed mostly by a

small bias force that is transmitted slong the conneeting wires. By sIightly bending the

conneeting wires, the bias force tan be either increased or decreased. Care must be taken

not to bend the wires once the ::tep size bas been cahbrated because the step size in both

directions changes.

Second, the step sizes are not perfectly uniform. Figure 4-7 and Figure 4-8 show

histograms ofthe step sizes in each direction for a 60 V cycloïdal pulse ofO.s ms duration
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(results for other waveform amplitudes and pulse durations are similar). The average step

size in the forward direction is sIightly different from the step size in the backward

direction (68 nm versus 75 nm). The standard deviations of the step sizes are 17 nm and

12 nm for the forward and backward directions respectively. The variations in step size in

a given direction are due to surface inhomogeneities. Because the steel track is not

perfectly smooth, different parts of the track will have sIightly different coefficients of

friction, which in tum causes different step sizes. Future versions of the coarse approach

may use ground saphire flats for the track in addition to the saphire rods that are already

used in the sied so that the smoothness of the track is better controlled.

Precise positioning cau be achieved Iiy using waveforms with different amplitudes

and pulse durations. Measurements ofstep size vs. pulse duration (for a 60 V amplitude)

and step size vs. voltage amplitude (for a 0.5 ms pulse) are shown in Figure 4-9 and

Figure 4-10. Above a voltage of 50 V, the step size increases almost Iinearly with the

pulse amplitude. On the other band, for pulse 1engths less than 0.5 ms, the step size

decreases with increasing pulse size. The drop in step size below 0.5 ms (a maximum rate

of2000 Hz) is caused by Iimited bandwidth ofthe piezo aetuator, which is on the order of

kilohertz for the tube aetuators used for STM. Above 0.5 ms, the maximum velocity of

the counterweight decreases with increasing pulse 1ength and so the momentum

transferred from the counterweight to the sied also decreases, reducing the step size.
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Figure 4-7: Histogram of step size in the posith-e directioD (60V, O.sms wa\'eform). Mean step size
=68.1 Dm, standard deviatioD =17.2 DIlI.

Using the software written for the Sm, the pulse duration and amplitude are

specified at the stan ofeach coarse approach. A single voltage amplitude is used for steps

until the tip is within a preset range and then the tunneling feedback is engaged. Typically,

a step size of about 100 nm is used. Variable step size and combined motions in the

forward and reverse directions could be used to fine tune the stage position but the

experiments so far have not required positioning to within better than 100 Dm. Ifneeded,

the position at which tunneling current starts could be measured by the STM tip and used

as a feedback to position the sample v.ith an accuracy better than 10 Dm.
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As a coarse position mecbanism, the micropositïoner works extremely weil. When

new samples are mounted on the coarse approach, they are quickly brought into range of

the piezo tube for imaging. The combination of large range of motion, repeatable step

sizes down to almost 10 nanometers, and computer control of the stepping makes the

automated coarse approacb easy and reliable
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In the next chapter, the components of the eIeetricaI system that are required for

an SlM are discussed. The contributions of different components to the noise in the tip

position and measured current are caIculated and serve as a guide to the performance that

can be expected ofthe microscope.
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Chapter 5: Electronics

The eleetronics of the scanning tunneling microscope are a key pan of the imaging

process (see Figure 5-1). When an image is being acquired, the magnitude of the current

flowing betWeen tip and sample is used control the position of the tip. The e1ectronics

first amplify the tunneling current and then digitize and send the value ofthe current to the

computer. The computer determines new x and y scan positions for the tip and calculates

the new tip height (z position) needed to keep the nmneling gap constant. Once the

computer bas calculated the new tip position, the e1ectronics convert the computer's

Computer

Low Pass 2kHz

108 VIA

VXICRATE

AID DIA

Add/
Subraet

H.V.
Amps

I---....t---l Coarse Approachl---l.

Figure 5-1: ElectrllDicsforthe STM. The compatersends and reœives data from analogto digital
and digital to analog converters in a VXI cnte and aIso controls the piezo tnbe position Wa an
addlsubtract cin:nit and high voltage amplifiers. The bias voltage is direetly controlled from the
DIA ontput. The tnnneling e:urrent is amplified by 10· gain c:nrrent to voltage amplifier and 1010­
pass IDtered before being read by the AI» convenu.
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digital signals into analog voltages and amplifies them before they are applied to the piezo

tube quadrants. Thus, for a digitally controlled scanning tunneling microscop.e, there are

two parts to the feedback. One is the software that calculates a new position given past

inputs (discussed in Chapter 6) and the second is the eleetronics that measure the current

and control the tip and coarse approach positions.

The capacitors shown in the circuit

speed of data acquisition because of

limited bandwidth. The basic operational

amplifier circuit is shown in Figure 5-2.

,···············1 f·CJI.········;· .· .· .· .

Figure 5-2: Current Amplifier Circuit. A typical
value for the feedback resistaDœ is 10' Ohms.

5.1 Current to Voltage Amplifier

Perhaps the most important component of the SN eleetronics is the current to

voltage amplifier. The amplifier must be capable of converting the very small tunneling

currents (10 pA to 10 nA) into a voltage.

A poody designed current amplifier cao

give noisy tunneling current

measurements, which make the gap

>----'---Voct distance diflicult to control or cao limit the

(with dotted lines) are parasitic

capacitances caused by unavoidable coupling between circuit elements. Ignoring the

parasitic capacitors for the moment, the transfer function ofthe amplifier is:

where Ji:'" is the output voltage, 1•• is the input current (from the tunneling junction), and

~ is the resistor in the feedback Joop. For ~ = 100Mn= 10'%, a one nanoamp

current is amplified to 100 mV.

The parasitic capacitances cause the gain of the amplifier to roll off as the

frequency increases. Since the negative terminal of the op-amp is kept very close to
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ground, the effect of the input capacitance is not noticeable up to very high frequencies

(close to 100 kHz). The capacitance G.!., which is in the feedback path, in combination

with the very large feedback resistance, can cause a roll-off at severa! kHz. With the

feedback capacitance included, the amplifier transfer function becomes:

v"",(s)_ Rfb

1,.(s) l+sC~'

where s is the Laplace variable (and s= JO), where 0) is the frequency). Typical values

of~ are around 1 pF [Chen, 1993, section 1I.l]. For ~ =100lv.f,Q, ~=1 pF, the roll-

offis at f = ~1lCfb~ "" 15kHz.

The behaviour of the amplifier is also affected by the non-ideal charaeteristics of

operational amplifiers. The non-ideal charaeteristics of real op-amps include non-zero

input bias current (the current that leaks into the positive and negative input terminaIs),

non-zero input bias voltage (the voltage between the input terminaIs), and finite frequency

response.

For most op-amps, the frequency cut-off of the op-amp is weil above the

frequency roll-off caused by parasitic capacitance and so does not affect the current

amplifier charaeteristics. However, the bias current and input bias voltage do affect the

operation of the current amplifier (see

Figure 5-3).

--

Figure 5-3: Sources ofNoise and Offsets in the
Current Amplifier. ib and ~ are current and
voltage sources. They include both DC and
random noise terms (1b=4+i., ~=Vb+ e.).

The input bias voltage will

change the voltage across the tip­

sample junction, in tum changing the

current that flows. For nonnal

operation of a ~canning tunneling

microscope, precise control of the

tunneling voltage is not requïred. The

effect ofa constant non-zero input bias
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voltage is not important for most experiments. A small change in the bias voltage will

result in a small change in the tip sample distance during a scan. As long as the change in

tlp-sample bias voltage is constant, the measured image will be unaffected. Fluctuations of

the input bias voltage, however, cause changes in the tuImeling current which are

interpreted as changes in the SUIface height.

When measuring very small currents, the input bias current can have a very large

effeet. Op-amps can have bias currents of hundreds of nanoamps (the 741, a gex:.eral

purpose operational amplifier, bas a maximum bias current of 500 nA) which is many

orders of magnitude larger than the picoamp to nanoamp tunneli:1g currents. Very small

bias current is one of the primary concerns in choosing an op-amp for the current

amplifier. Burr-Bro'Wll1 and Ana10g Deviees! both make very low bias current FET input

op-amps that are well suited for use in the tunneling current amplifier (see Table 5-1).

Table 5-1: Op-amps for Twmeling Cllrrent Amplifiers. (adapted from [Chen, 1993, App. H]). i" lIDd
e. are the noise iD the bias curreat lIDd voltage respec:tivel~'.

OP-AMP max!h... (fA) max Vbi.u (}lV) (iYm;) (njlm;)10 en

Burr Bro'Wll 75 500 0.12 92

OPA128LM

Ana1ogDev. 60 500 0.11 90

AD549L

With the bias current and bias voltage inc1uded in the circuit analysis, the transfer

funetion becomes:

• .Analog Deviees, Narwood, Massac!mscas.
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V",,(s)=(l.. (s)+lb+i.x.JBW) ~ +v,,+e.x.JBW,
l+sC~Jb

where lb is the bias current, i. is the noise in the bias current (per square root Hertz), Vb is

the bias voltage, e. is the noise ofthe bias voltage (per square root Hertz), 3.l!d BW is the

bandwidth of the amplifier. The noise in the signal consists ofa DC offset and a random

component:

V_.oc =Ib~ +v",

V_ ..c = (i. .Rfb +e.) x .JBW,
1.,.sCfbRfb

The expected DC voltage offset is (using the AD549L which bas slightIy better

characteristics and is used for the STM described here) V""".oc S 65/-lV and the AC noise

is V......c S l OOnV I.JHz . The errors in the measured currents caused by the noise

sources are given by 1__ =V-Â, l.....oc S 65fA and l_c S lfA I.JHz. Even for a

100 kHz bandwidth (l_..c S 3l5fA), both ofthese noise sources are below the minimum

tunneIing current resolution of around 10 pA that needs to be detected for atomic

resolution.

Other sources of noise in the current amplifier are Johnson noise [Horowitz and

Hill, 1980], which resuIts from the thermal motion of the eIectrons in a resistor, and shot

noise, caused because current flow is made up of discrete eIectric charges. Johnson noise

. /4"-TxBW
through a resIStor adds a root-mean-square (RMS) CUITent li =V R ' where "-

-
is the Boltzmann constant and T is the temperature. The peak to peak noise can be taken

as eight times larger than the RMS amplitude (four standard deviations for a C'3lJssian

distribution). At room temperature (1'=300 K) a feedback resistance of IC' VIA bas a'

Johnson current noise of li = lOOfA I-JHz . For a 2 kHz bandwidth (close to the

bandwidth ofthe current amplifier), the Johnson noise is 4.5 pA To reduce the Johnson

noise, the gain of the amplifier (i.e. the value of the feedback resistor) needs to be
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increased. However, there is a tradeoffbetWeen reduced Johnson noise and the bandwidth

whicb decreases with an increase in feedback resistance.

Tbe sbot noise for a mean CUITent Ï is

1_ =-hJ xBW,

wbere e is the charge of an electron. For a 2 kHz bandwidtb, 1_ = 25 x 10-lOJ[ whicb

is negligible for Ï greater than 1 pA (1_ increases as the square root of the mean

CUITent so shot noise expressed as a percentage of mean CUITent decreases as the mean

CUITent increases; at Ï =1 pA, the shotnoise is 2.5% of Ï).

Table 5-2: Carrent Amplifier Noise Sources and their
Magnitudes (for 'l''-JOOK, Rc.-IO· n, BW =2 kHz,
and an ADS49L op-amp).

The different sources of noise

and their magnitudes are shown in

Table 5-2.

Noise Source Mall;llÏtude

DC Voltage & Current <65 fA
Bias
AC Voltage & Current <SOfA
Noise
Johnson Noise 4.5 pA
ShotNoise <2.5%, Ï ~ IpA

<1%, Ï~10pA

In cboosing the components

for the amplifier, the effects of

diffèrent types of noise need to be

taken into account. The Analog

Devices AD549L op-amp was cbosen

because it bas slightly better

cbaraeteristics than the Burr Brown

OPAl28LM. The resistance was cbosen to be lOS .Q for an amplifier gain of lOS V/A and

acceptable bandwidth and noise cbaraeteristics.

The transfer funetion of the amplifier was measured using a Hewlett Packard

Dynamic Signal Analyzer (HP 3562A). The magnitude and :6:equency response are shown

in Figure 5-4. The amplifier bas a first order cut-off:6:equency of 1.9 kHz, very close to

the 2 kHz used for the noise calculations above.

From Table 5-2, the minimum deteetable =ent of the current amplifier will be

limited by the Johnson noise to > 4.5 pA. The amplifier voltage noise for a CUITent of4.5

pAis 4.5 mV. Typica1 CUITents used for irnaging ofsurfaces are on the order ofhundreds
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of picoamps to severa! nanoamps and so the amplifier current noise is acceptable. For

very high precision current measurements, the feedback gain would need to be increased

and!or the bandwidth decreased to reduce the Johnson noise.
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Figure 5-4: Measured frequency respODSe of the curreut ta voltage amplifier. The amplifier bas a
first arder roU-off at a cut-off frequencl' of 2 kBz.

,············· ..11·········,
~ CIb ~

Rib

Figure 5-5: Compensation circuit for CUITeIlt
amplifier.

If higher bandwidth is

desired, a compensation circuit can

be added to the amplifier in order to

reduce the effect of the parasitic

capacitances. A higher bandwidth

current amplifier bas been

construeted using a circuit described

by Chen (see Figure 5-5) [Chen,

1993, Chapter 11]. The extra

capacitor a,;"d resistor cancel out the

low-pass effect of the parasitic
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feedback capacitance. The output voltage as a funetion ofthe input current is:

where Re and C. are the compensating resistor and capacitor. Choosing Re= 1 Mn, and

trying various different capacitor values, a new STM ament amplifier ha.> been built with

a bandwidth of21 kHz with C. '" 0.91 pF. The measured frequency response ofthe

amplifier is shown in Figure 5-6. At the time ofwriting, the new current amplifier bas not

yet been integrated into the STM.

50.0L ~ __ ~_~~~~~+~ ~ __ ~_~~~~~+.~ ~ __ ~_~~~~~+
----~--~-~~~~~T~---~--~-ï~~~~T---~--~-ï~~ï~T
~---~--i.-~~~~~+L---~--~-~~~~~+---~--~-~4~~~+

lit 1 i t i il t Iii 1 1 Il i 1 1 1 1 1 1 1

Figure 5-6: Measared traDsl"erfmlction of the compensated cw. eut amplifierwith a bandwidth of
21kHz.
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5.2 Ana/og to Digita/ and Digita/ to Ana/og

Once the current bas been convened to a voltage, the voltage needs to be digitized

and sent to the computer. The analog to digital convener used is a Hewlett Packard3

mode! EI413A 64 channe! anaIog to digital converter in a VXI crate (Hewlett Packard

El40lA VXI mainframe).

The!Wo most important charac:eristics of the AID converter are the sampling rate

and the number of sampling bits. The El413A bas a maximum sampling rate of 100 kHz

and resolution of 16 bits. The sampling rate is important because it determines the

maximum frequency that cao be measured and reconstrueted by the computer. By the

Shannon-Nyquist theorem, the original signal cao only be reconstrueted exaetIy if its

component frequencies are aIl less than haIf the sampling rate (the 'Nyquist rate')

[Oppenheim and Schafer, 1989). At the rr..aximum sampling rate for the EI413A, the

Nyquist rate is maximum 50 kHz. If the signal contains frequencies above the Nyquist

rate, they will be aIiased down to lower frequeticies, where they combine with the existing

low frequencies, making it Ïn•.possible to reconstruet the original signal.

To avoid aIiasing, a low-pass fiIter is required to remove any bigh frequency

components. Ifa perfect bandpass fiIter could be made, then the cut-offfrequency ofthe

fiIter could be set to just be!ow the Nyquist rate. However, practicaI fiIters have finite

roll-off rates and so the cut-offfrequency of the anti-aIiasing fiIter is usuaIly less than haIf

ofthe Nyquist rate (or one quarter ofthe sampling rate).

The current to voltage amplifier of the sm bas a 1st order roll-off from a

frequency of about 2 kHz. The current to voltage amplifier is followed by a 2nd order

Butterworth low-pass fiIter4 that also bas a eut-offfrequency of2 kHz to further attenuate

bigh-frequency components.

DuriDg sm imaging, the sampling r:lte is Iimited not by the maximum AID rate

but by the computer time taken for caIcu1ations for tip position control, for sending the

3 Hewlett Packard, Fullerton, CA.

• The shape orthe Butterworth. filter is optimized te be maximally fiat in the pass-band.
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desired tip positions to the digital to analog (DIA) converters, and to store the image data.

The measured times for the different operations that the computer must perform for each

sample are sho'WIl in Table 5-3. The combined time taken to do all of these operations

limits the sampling frequency to about 1 "'40 kHz (and the Nyquist rate to about 20
23.6ps

kHz). For a third order filter (the combination of the CUITent amplifier and the

Butterworth filter is third order), the output magnitude falls of by one thousand times for

each ten times increase in frequency beyond the eut-off: As a quick estimate of the

attenuation ofthe signal at the Nyquist rate, using a Nyquist rate (20 kHz) often times the

eut-offfrequency (2 kHz), the attenuation offrequencies at and beyond the Nyquist rate

is 1000 times or more.

The number of bits from the analog to digital converter determines the minimum

change in signal that tan be detected. The El413A samples with 16 bits or 216 different

levcls. The voltage range over which

Table 5-3: Time for computer operations iD the
feedback loop. For each new z piezo voltage that
is calculated, the tmmeliDg CDITeIlt mllSt be
sampled (AD read), several f10atiDg point
calculations and a logarithm mllSt be computed,
some timing faDctions are executed, and the
updated :E, y, and z positions mllSt be output
(three DA writes).

Operation Timel'5 Total time 1'5

AD read (xl) s.s S.5

DAwrite (%3) 4.4 13.2

floatiDg point 0.3 0.3
calculations

logarithm 1.5 1.5

timing faDctions 0.6 0.6

misceUaneoDS (loops, 2.S 2.S
bookkeepiDg)

TOTALTIME 23.6

measurements tan be made is ±16 V. The

smallest change in signal that tan be

detected is 32%16 = 0.4SSmV. The

corresponding change in tunneling =t

is O.4SSmV 4.SSpA If more precise
10'V 1A

measurements of the tunneling CUITent are

needed, the amplitude range tan be

reprogrammed from ±16 V to ±4 V, :1:1

V, :1:0.25 V or :1:0.0625 V. Since the

Johnson noise contributes 4.5 pA (see

Table 5-2), reducing the range be10w ±16

V, where the mjnjmum detectable change

in tunneling current is 4.SS pA, does not
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improve the measurement accuracy very much.

Once the ND convener bas cligitized the current, the computer reads the value of

the current and performs a series of calculatioDS to det=ine how the position of the tip

should be changed to maintain constant height above the surface. The computer

calculates a voltage for the deflectiOD of the piezo tube in each direction X, y, and z and

sends the voltages to the DIA CODvener.

Like the ND convener, the DIA convener is Iimited by a maximum frequency at

which it can update the output voltage and by the number of bits ofresolution that it bas.

In the microscope built, a 16 bit DAC VXI crate module (TASCO model TVXIIDAC 16)

is used with a C1."'<Ïmum update rate of 100 kHz for one channel. The TVXI-16 bas an

output voltage range of ±10 V, giving a lIlÏIlim1.1m voltage step of 0.31 mV. But the

TVXI-16 has only 14 bits of linearity, so the smallest gl1aranteed linear output change is

1.2mV.

5.3 Add and Subtract Electronics

In th~ first iteration of the electronics constructed for the STM, a voltage was

computed and written to the JJ/A conveners for each of the four piezo quadrants.

However, each write operation to the DiA conveners takes time (Table 5-3) and sc

reduces th~ maximum rate at which the system can update the output.

Although there are four voltages applied to the piezo tube (one for each quadrant),

only tbree independent variables are needed to describe them. The voltages on the

quadrants are:

v. =v +V1 % =,

V; = v" +v.,
1'; =-v:+v.,
~ = -v" +v.,

where the subscripts l, 2, 3, and 4 refer to the quadrants ofthe tube, and the subscripts or,

y, and z refer to the independent voltages required to move in the X, y, or z directiODS. For

example, to extend the piezo tube in the z direction, the voltage on al! four quadrants must
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be changed by an equal amouot. To move the piezo tube in the x direction, the voltage 00

piezo quadrant 1 must be increased by the same amount that the voltage on piezo

quadrant 3 is decreased.

Since there are only three

independent variables, the computer

algoritbm was changed to output

ooly v., v,., and V.. Two addition

and tw~ !'Ubtraction op-amp circuits

were built to add and subtraet the le,

y, and z voltages to obtain the desired

voltages for each quadrant (see

Figure 5-7).

10kSubtract

The circuits were bullt using

the Linear Technologies LTI007 op­

amp (Linear Technologies, Milpitas,

CA). The bandwidth of the addition

and subtraction circuits far exceedP.d

the bandwidth of the following bigh-voltage amplifiers of 2 kHz (discussed in the next

section) and so does not limit the performance ofthe STM in any way.

Figure 5-7: Addition and SDbtraction c:iralilS usee! to
combine V. , V" and V, into the piezo quadrant
voltages.

The noise at the outputs of the addition and subtraction circuits comes from two

sources. The:lirst source is at the inputs to the circuits or, rather, the noise in the output

from the DA converters. The second source ofnoise is the input bias voltage noise from

the op-amps used in the circuit. Ifeach of the DA converter outputs bas a noise of 1.2

mV (as determined in the previous section), then the noise at the add/subtraet outputs is:

v = VinJ'Oll +v"';ua + vb '

vRMS = ~(l2mVi + (l2mV)2 + (O.l3,uV)2

=17mV,

where vi..,.n and vinp0a2 are equal to the output noise from the DAs, and vb is the input
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bias voltage noise of the op-amps used for the circuits, anà v"",.R.<a is the root-mean

square noise at the circuit output. The measured RMS noise at the output of the

addlsubtraet circuits was less than 0.01 mV (with inputs zeroed, 300 kHz bandwidth) and

so the addlsubtraet circuits do not contribute significantly to the e1ectricaJ noise at the

piezo tube.

20k/150k

4.9nF/0.65nF

JOk

V.m

Figure 5-8: Bigh Voltage Amplifier Circuit. The
capacitor limits the output band,.idth to close to 2

kHz. The circuit used for the bigh

voltage amplifiers is shown in Figure 5-8. The operational amplifiers are APEX' PA42

wbich have a maximum voltage range of± 150 V.

5.4 High-Voltage Amplifiers

The voltages applied to the piezoelectric tube to move the tip can be as bigh as

±150 V. At these voltages, the tube ex:tends or deflects in the X, y, or z direction about

half a micromettr. The control signaIs

for the tube position come from the

computer via the digital to analog

converter (described in the nex:t section)

wbich bas a voltage range of ±10 V. If

the voltage from the DIA converters
>-......._- Vaut

were direetly applied to the piezo tube,

the range ofmotion would only be about

60-70 nanometers.

For the circuit in Figure 5-8, the traI:sfer function is:

v"'" R:z( 1 î
v'n = - RI 1+ j())CR,J '

giving a gain of -~ at low frequencies (j=..j:ï and ()) is the signal frequency). The

gain of the amplifier can be set to either 15.00 rimes (with .Rs = 9.98A:n and

• APEX Microclectranics, TUCSOIl, Ari2cna.
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R, = l49.7kn ~ in order to maximize the voltage range that could be applied to the

piezo tube (± 150 V) and hence the size of the images that can be obtained, or to 2.00

rimes (with R, = 9.98kn and R:. =19.96kn) in order to improve resolution. The transfer

function ofthe amplifier is bandwidth limited by the capacitance to about 2 kHz.

The noise leve1 at the output of the high voltage amplifier does limi: the

performance ofthe microscope. The noise leve1 is:

where G is the amplifier gain, V ..." _.. is the voltage noise at the input to the amplifier and

vb is the voltage noise at the input to the op-amp. 'When applied to the piezo tube, the

voltage noise causes a variation in the position:

Xnc:U" =KYrteiu'

YItOU. = K,J7rtDÙ'"

=..... =K.V......,

where K,., Ky, and K. are the piezo constants (m units of mN). The PA42 input voltage

noise is equal to the output noise from the addlsubtraet e1ectronics of 1.7 mV.

To determine the noise in the z position of the STM tip due to the e1ectronics, the

voltage noise at the input is multiplied by the high voltage amplifier gain and the piezo

constant:

I!.::_. = K. x G X (v,. +vb...),

I!.::l/MS_. =K. x G X vl/MS•• ,
Table 5-4: Piezo positiOD error for X. y, and z.

For a K. =5.4 mN (measured in Chapter 7)

and a gain of2 or 15 rimes, the RMS position

noise is I!.:: = 0.018nm or I!.:: = O.l4nm

respective1y. The position noise in the x, y, and z direction for high voltage gains of2 or

15 are shown in Table 5-4.

K G-2 (nm) G-15-- (nm)ID DI V 1

x 3.3 0.011 0.085
V 4.5 0.015 0.11
z 5.4 0.018 0.14

• The resistor.; llSedw= band selCCled ta give the come! gain ta within 0.1%.
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To reduce the noise at the tunneling tip, either the noise at the input or the high

voltage gain needs to be reduced. To image the hexagonal structure of highly oriented

pyrolytic graphite (known as HOPG) which bas an atomic spacing of 0.25 nm, a lateral

resolution on the order of 10 pm is needed. The vertical resolution required depends on

whether the image is being taken in constant height mode or constant current mode. For

constant current mode, the vertical resolution ais? needs to be about 10 pm while for

constant height mode, vertical resolution can be lower because it is the change in current

that is being measured. A high voltage gain of 2 rimes gives position noise between 11

and 20 pm which is acceptable. The increase in resolutioll is accompanied by a

corresponding decrease in the range of motion of the tip because the maximum voltage

that can be applied to the piezo tube is lowered to only 20 V. The maximum scan size is

reduced from about one micrometer (±150 V) to about 120 nm (±20 V). Atomic

resolution on HOPG was never achieved with a gain of 15 rimes but was achieved when

the lower gain of2 rimes was used.

The above discussion bas focused on the noise contributions from the electronics.

However, as discussed in Chapter 3, mechanical vibrations contribute to the tip to sample

position noise and atomic resolution was only obtained consistently late at night or early in

the morning when the lab environment was quiet, even with the considerable effort that

was put into vibration isolation.
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Chapter 6: Computer Feedback Control

Most of the scanning tunneling microscopes that have been described in the

literature use anaIog feedback control to maintain a constant tunneling gap. Analog

control is easy, requiring on1y a proportional, integral, derivative (PID) controller made

from a few op-amps, resistors, and capacitors. However, an anaIog feedback system lacks

flexibiIity. If the feedback can be implemented digitally, the feedback gains can be easily

and automatically adjusted (even during the scan ifneeded) and the feedback loop can be

interrupted to perform local spectroscopy or other experiments. Full digital control also

makes it easier to quick1y change the scanned area or to program a special scanning path

(such as a spiral scan). Because of the added versatility, the microscope built for this

thesis uses digital control.

However, there are a number of potential problems with digital control. Low

precision AID and DIA converters are very fast but do not have adequate resolution. On

the other band, very high precision converters trade off speed for accuracy. As the speed

and dynamic range of digital to anaIog and anaIog to digital conveners bas increased,

digital feedback bas become a feasible alternative to anaIog feedback for high-speed, high

accuracy control, but the cost of fast, high-accuracy AID converters can still be

prohibitive.

By anaIyzing the precision and dynamic range needed for piezo tube positioning,

Piner and Reifenberger identified the minimum requirements for digital feedback control as

12 bits AID conversion for current measurement and 16 bits DIA conversion for the z

direction (12 bits DIA is suflicient for the x and y directions but for the z direction, an

increased dynamic range is needed for extra precision) [piner and Reifenherger, 1989].

The time taken for AID conversion, computer calculations, and DIA conversion should be

small enough to al10w at least a 10kHz bandwidth to achieve scan rates compaxable to

anaIog control scan rates. Piner and Reifenberger used a VME bus system to run their

digitally controlled 51M.
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Figure 6-1: System for computer based
control of the Sm.

STM

VXICRATE

Electronics

AID DIA

IBMRS/6000

Clark et al. use an IBM PC/AT

computer with a dedicated digital signal

processing (DSP) board based on the Texas

Instrumen~ TMS 320C30 digital signal

processor [Clark et al., 1992]. The DSP

board performs all the f10ating point

calculations required for feedback and

controls the x and y raster scan. 18 bit DIA

converters are used, giving a dynamic range

large enough to get atomic resolution on

graphite even for very large scan areas1. The

system of Clark et al. can sample at up to 100

kHz, limited by the speed of the AID

converter. Only for very complex control algorithms is the scan rate reduced because the

DSP can not perform all the required computations quickly enough.

The paper by Baselt et al. describes seme feedback tuning algorithms used in a

their DSP based digital control system [Baselt et al, 1993]. Baselt et al. use a

computerized optimization procedure to find good values for the PID feedback parameters

and discuss some techniques for hysteresis compensation and sample tilt removal.

Algorithms for measuring the barrier height image (the effective work funetion of the tip

and sample) by measuring % and even d%: are also discussed, demonstrating the

f1exibility ofthe digital control approach for local spectroscopic imaging.

The microscope developed for this thesis uses AID and DIA converters in a VXI

bus crate that is connected to an IBM RISC/6000 computer (see Figure 6-1). The multi­

tasking IBM AIX (UNIX) operating system inc1udes our own special kernel extensions to

allow (single-tasking) real-time control of devices with timing of events to less than one

1 0flc:D, to achieve atoIIlie resolution, tbebigh vol1llge gain oftbe STM piezo tlIbc: is roduced to 1.,...". tbe llDise
leve1s al tbe tube. The 1.,...". gain~_ bellt:r precisiOll for positicming but aIso rcd1l= tbe ma>àmumseauarca.
With 18 bilS ofprecisiOll ÎlI tbe 01IIpUl, Jmse voltages c:an still be lIsec\ to image Jmse a:eas witholll saCli6ciDg
atomie resollllÎOII.
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•

•

STARTSCAN

Figure 6-2: Graphieal user interfaee for the STM.

microsecond. Precise timing is important because the stability of digital control

algorithms is dependent on having a uniform sampling period and minimal delay in the

feedback.

The control program is \\Tiuen in C. The program performs the following

functions: 1) control of the coarse approach micro-positioner to position the tip within the

range of the piezo tube. 2) linearization of the tunneling signal. 3) feedback control to

maintain a constant CUITent. 4) control of the X and Y coordinates of the tip for the raster

scan. and 5) saving of the image data to disk. A simple graphical user interface was

constructed in Matlab which runs the C program and displays the images (see Figure 6­

2). The C code is included in Appendix B.
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6.1 Coarse Approach

The software written to perform the coarse approach uses a simple algorithm that

steps the micropositioner toward the tip until the sample is within range. The STM tip is

retraeted away from the surface before each step is taken. The computer sends out the

step waveform to the micropositioner, moving the sample one step tov,-ard the tip, and

then extends the tip toward the sample. If a tunneling current is deteeted within a

speciiied range of the piezo tube extension, the coarse approach is stopped. If; on the

other band, the tube is extended to its limit and no eurrent is deteetecl, the tube is fully

retraeted and another approach step is taken.

As implementecl, the step size is set before the program is run and there is no way

to change the step size or step direction during the coarse approach. However, the

approach algorithm could be changed by rewriting the code sc that the step size is reduced

when the micropositioner gets close to the desired position. Future refjnements of the

software will include the ability to decrease the step size or even step backwards when the

sample is close to the desired position so that the starting position can be speciiied to

within 10 nm (10 nm is the minimum coarse approach step size). Better positioning ofthe

sample should reduce the effects ofhysteresis and piezo drift, as discussed in ChapM 3.

6.2 Unearization

During jmaging, the tunneling current is amplified by the eurrent-to-voltage

amplifier and then digitized by the AID converter. The measured current varies

exponentially with the tunneling distance becanse of the current to distance relationship

across the tunneling gap:

1(:) a: e-c
,

where: is the tunneling gap and ICis the decay constant (see Chapter 2). The computer

uses the measured value of the eurrent to control the position of the tip. To make the

control Joop linear, the logarithm of the current is taken te. yield a value that is

proportional to the position (since : a: log,1).
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The standard C algorithm to compute loga.oithms uses a converging series solution

which requires many multiplications and additions. Log calculations take 4 I-LS, which is a

significant fraction of the controlloop execution time (about 25 I-LS). Instead ofusing the

standard algorithm, a lookup table of logarithm values is created before the feedback is

started. When a new value for the current is read by the computer, the computer uses that

value to determine an address in memory where the logarithm is stored. For currents that

lie between two stored values, linear interpolation is used to approximate the correct log

value. If the table size is reasonably large, the error in the linear approximation is very

small. In the STM control program, a table vlith 16384 elements is used. The maximum.

error between the Uble lookup values and the value calculated by the computer algorithm

is less than 1.3 percent. The lookup table takes 1.5 l.lS to calculate the logarithm, saving

2.5 I-LS per loop.

The error of 1.3 percent is acceptable because the exact value of the gap v.idth is

not important. Rather, it is important to keep the current close to a constant set point so

that the gap width is constant and the tip closely follows the surface profile during a scan.

The error in the calculated position might introduce a sma1l difference between the desired

set point and the aetual tunneling current when feedback is engaged but will not cause

noticeable distortion ofacquired images.

6.3 PID Control

Effective control of the tunneling gap is crucial to getting good images. Surface

height in S'TM images is calculated from the voltage applied to the piezo tube. If the

voltage applied to the piezo tube doesn't keep the tunneling gap constant, the change in

the gap width will result in a distortion ofthe true sample shape.

Since let) oc e-~(:(r)-"'(t)), changes in the gap width cause a change in the current

(z(t) is the height of the tip and z.(t) is the height at which the tip touches the surface).

z. (t) changes as the tip scans across the sample being imaged becanse of the surface

height variations. If the current inCfea5es due to a decrease in gap width (mcrease in

surface height), the control system compensates by increasing the gap width. If the
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lu,

CUITent decreases (increase in

surface height), the control

system acts to decrease the gap

width. To make the system

linear with respect to gap width,

the logarithm of the CUITent is

taken, as described above.

Figure 6-3: Black diagram of feedback for STl\L F. is the
feedback traDSier fwIetioll. P, l, adD are the
proportiOIllll, integraland deri\"3tin gains, and s is the
Laplace traDSiorm variable. For proponioDai iDtegrai
deri\"3ti\"e (pm) feedback, F.~P+IIs+sDo

PID controller is:

Proportional integral

derivative (PID) control is used

to maintain a constant =ent.

A block diagram of the feedback

system for the STM is shown in

Figure 6-3. The output of the

or in the ftequency domain (found by taking the Laplace transform):

where Iscr = log iscr , l..(t) = log i..(t), i..(t) is the measured tullD.eling =ent, P, 1, and D

are the proportional, integral, and derivative gains respectively, and Lscr and 1-(s) are the

Laplace transforms of lscr and l..(t). (The current to voltage gain of 108 VIA cancels out

of the equation: log 108 iscr - log 108 i..(t) = log i.., - log i.,(t), and so need not be

included.)

The value l.. (t) depends on the gapwidth z-z.:

l..(t) =log. Ioe-cc:cl)-:,Cf))

= log.!o -K(Z(t)-zo(t».

Since l..,(t) = IogJ.e°..r, where dis the set point tllDDe1ing gap width, we can write:
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lm (t) -ln: =log, 10 - log, l.e-"'" -1C'(=(1) - =0 (t»,

= -1C'(=(t) -=o(t) -d),

or taking the Laplace transform,

Lm(s) - Ln: = -1C'(Z(s) - Zoes) - Ii),

and so the controller output in terms ofthe tip position and sample height is:

i' dv(t) = P1C'(=(t) -=o(t) - h) + 11C' 0 (z(t) -=o(t) - h)àt +D1C' dt (z(t) -=o(t) - h),

or

V(s) =P1C'(Z(s)-Zo(s) -h)+ 11C' (Z(s) -Zo(s)-h)+sD1C'(Z(s)-Zo(s)-h).
s

The proportionaJ (P) term responds to fast changes in the input. Increasing the P term

generaJJy increases the speed ofthe response but also reduces the stability ofthe system.

Increasing the P term also decreases the tracking error. However, if =. :;: 0, the

tracking error can be significant, even for -;ery large values of P. By adding aa integral

(I) term to the control, offsets or slow changes in Zo cao be compensated.

Finally, the derivative (D) term increases the magnitude of the response if the

system is moving away from the set point at a high rate. When the system is only moving

away from the set point slowly, the derivative term contributes little to the control output.

Derivative control heJps to reduce oscillations around the set point by reducing the

overshoot.

However, ifthe signal includes high frequency noise, derivative control can amplify

the noise and reduce the stability ofthe system. When trying t'j keep the tip to sample gap

constant as the SIM tip is scanned over a surlàce, the mea=ed current changes primarily

at low frequencies because of changes in the gap width, but noise is present at aJl

frequencies (Johnson noise, shot-noise, coupling from exte!NI vibrations, ete.). The

derivatj,,-z term amplifies the higher frequency noise more than the low frequency noise,

reducing the signal to noise ratio.
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Often sm control uses a very small or zero derivative term to avoid amplifYing

i1igh frequency noise. Baselt et al. occasionally use a negative derivative term to attenuate

the i1igh frequency noise although this cao increases the magnitude of oscillations around

the set point [Baselt et al., 1993].

Table 6-1: Disaete app;· ·:Eimation to continuons
tilDe P, l, and D gaïn.< ,.;~ the sampling period of
the digital system.

To caIculate the control output, the computer program uses a discrete

approximation to continuous rime PID that was presented above (see Table 6-1). The

discrete approximation to the PID

feedback is given by:

P
IT

DIT

Discital
P
1
D

Continuous V, =V,-I +P(E, -E'_I) +
D

ITE, +"T(E, -2E'_1 +E.-J,

where T is the sampling interva1.

Following Baselt et al., the feedback is caIculated as

Proportional
Integral
Derivative

v, = V,-I + aE, +bE'_1 + cE,_: '

where a = P+/T+DI T, b = -P+/T-2D1 T, and c= DI T. Thus eachnewvalue of

the output voltage for the piezc tube requires a know1edge of the errors from the newest

and previous !Wo samples and of the previous voltage output. Once the new voltage is

determÏned, the voltage is output using the DIA converter. The voltage is aIso saved in a

matrix from which the sample image is later reconstrueted.

The error between the set point and the measured current can aIso be saved in a

matrix. The matrix ofthe errors can be used to obtain an image at very fast scan rates on

fiat sumces. By setting the feedback gains to be smal1, only very slow changes in the

sudàce can be tracked and the higher spatial frequencies appear as feedback errors. The

error matrix therefore gives an image that depends on the quickly cbanging features. An

atomic resolution image of this type (caIled constant height imaging as opposed to

constant current jmaging) is shown in Chapter 9 for an HOPG (graphite) surlàce.
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6.4 Raster Scan

The computer not only runs the control aIgorithms to maintain a constant gap

width but aIso controls the scan position. The x-y scan is controlled open loop by varying

the voltages on the piezo quadrants. During acquisition of an image, the x and y voltages

must be updated to trace out a path over the image area. The raster scan position is

updated once per feedback control loop.

START

~

Figure 6-4: Flow diagram of the controlloop and
scannjng algoritbm. 1 is the amplified tunneling
carrent as measared by the AD converter.

To reduce the time per control

loop, only the x raster value is updated

inside the main control loop (see Figure 6­

4). The y raster value is only updated at

the end of each line. The y raster value

could be updated in the main control loop

to allow diagonally scanned lines (or

images scanned with aI:. arbitrary path) but

this would reduce the maximum control

rate of the microscope. Bach DIA

conversion takes 4.4 J.lS out of a total of

abllut 25 J.lS for the entire control loop.

Updating the y value as well as the x value

would add 4.4 J.lS or close to 20 percent to

the period ofthe controlloop.

The scanning aIgorithm is written 50 that the control loop is ex:ecuted many times

for each saved image pixel. The control loop frequency is typically set at 40 kHz while

pixels are sampled at less than 2 kHz.

The piezo voltage and eurrent error values that are saved in matrices can be either

from a single point or they can oe averaged aIong the scan line over many iterations of the

control loop in order to reduce the effects of high frequency noise. For most images, :!he

average is taken aIong the scan line to reduce noise leveIs by averaging.
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Chapter 7: Piezo Tube Calibration

The piezo eleetric materials used for aetuation in STM exhibit significant non­

linearities !bat generate unwanted imaging artifacts. Various groups hav.: tried to model

piezo eleetric behaviour with the aim of compensating for non-linear distortion once an

image bas been acquired.

In this cbapter, some examples of piezo-eleetric non-linearities are presented :first

and are followed by a briefdescription ofthe attempts to model the hysteresis and why 50

far they have not been satisfaetory.

7.1 Piezoelectric Calibration and Observed Non-Unearities
For an STM aetuator, the displacement must be known as a function of applied

voltage. The piezo constant dj ] is the ratio of the material stress along the axis of the

piezo tube to the (radial) electric field applied betWeen the inner and outer electrodes. The

piezo displacement is:

L
& = d31LE = d3r h'

where & is the change in length, L is the initiallength, Vis the voltage applied to the tube,

and h is the thickness of the tube. To make quantitative measurements with S1M, d j ]

must be measured.

Once dj ] is known, aceurate measurements are still difiicult to make because ofthe

complicated behaviour ofpiezoelectric materials. Severa! different types ofnon-linearities

are discussed in the literature, ranging from hysteresis and creep to variations ofproperties

with temperature and long term aging effects.

Hysteresis and creep are the two dominant causes of image artifaets in S'lM.

Hysteresis is a lag or difference betWeen the command voltage applied to the piezo tube

and the expeeted (generally linear) length change of the tube. Creep is a slow time­

dependent change in the length of the tube !bat 0= after an initial much faster (Jess
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!han 1 miIIisecond) displacement. Creep is manifested either as a decaying response to a

step change in voltage that even:uaIIy comes to equilibrium, e.g. a displacement of the

form !!,x = x, + xcn.pe-t1,_ , as a continnal increase (typicaIIy Iinear or logarithmic) in the

displacement, or a combination of both. Creep of any form will aIways result in some

(rime dependent) hysteresis because of the rime lag betWeen the initial change in voltage

and the final position change. Hysteresis cau be independent of creep (static friction for

example causes creep

r-;;;;;::=====:;::==;:::::====:::;:==:::;-, independent hysteresissooo

in a force position

relationship).

soo

2000

2500

A typical exam­

pIe of hysteresis is

shown in Figure 7-1.

The curve shows the

displacement of the

SIM piezo tube versus

voltage and was
_500l.---.........---'-----'---'----.L.---..J

a sc '00 ISC 200 250 soo measured using the
Piezo Voltage (V)

interferometer described

::­
51500
C

~
.;; 1COQ

J:

Figure 7-1: Bysteresis orthe PiC20 Tube. As the voltage ramps up to
300V, the position follows the lower c:urve. When the voltage is
ramped down to its startiDg \-alue, the position follows a different path
and retunIS to a different startiDg point.

in Chapter 4. As the

voltage applied to the

piezo tube increases, the1....- --1

piezo tube position

follows the lower curve. When th.. voltage applied starts to decrease, the retum path

differs from the rising voltage path by more !han 20% of the maximuTD length change.

The applied voltage was a triangular waveform increasing for 50 s and decreasing for 50 s.
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Measured ereep is shown in Figure 7-2 through Figure 7-5. In Figure 7-2, the

intenerol]'leter was used to measure the response of the piezo tube to step changes in

voltage. In order to inerease the signal to noise ratio of the measurement, the mean

responses of one hundred steps were calculated for 6 V and 12 V steps. (The noise level

of the intenerometer is about 10 Dm (Chapter 4). By averaging over one hundred trials,

the noise level is reduced to about 1 Dm.)

The two step responses scale almost Iinearly with the applied voltage. The 6 V

response settles to a magnitude of 31.2 Dm, or 5.2 nmN, and the mean of the 12 V

response 65.1 Dm (measured from 0.4 s to 1 s), or 5.4 nmN. The mean value 5.3 Dm.fV is

use(!. in aIl the calculatioDS ofthe piezo tube or tip position from the applied voltage.

The high~r frequency oscillations that are present in both step responses and that

Averaged Position (mean position over 100 trials)

•.•••• ,: .• _.1: ._.~ :'~.~:;.:-::-: .-:.7': .-::'.-:. ':"': :~. ~~ ._. ~ .~.-:. ':": .~. +:-.."7. ':": .~:-:.':": .~..-,i _

...... .'.;. : : ' , .:. ~ : ~ : .,. .,: :

..... ,..: : ~ :. : ~ ~ ~ .

., - .. ", ;. .

10.9O.B0.70.4 0.5 0.6
Time (s)

0.30.20.1

.. .

- ...•..... - : :ipèisiiïèi~s i~~e;;ed ·à~d lniiiâi ·pd:siiièns·~~t iè"2:ëiè:·· .
. .
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~
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Figure 7-2: Creep measared with u inteJferometer for 30 ud CiO Dm steps. For bath c:anes, 100
trials were averaged to redace the inteJferometer DOise levds. The zero positiOD pol:t in these
measaremeat selS was chosen to minimize the inteJferometer measaremeat error ud does Dot
correspODd to zero volts applied to the piezo tube.
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decay towards zero are present in e:very one of the unaveraged step responses. The

oscillations are at a frequency of about 30 Hz and are in almost in phase in e:very

measurement. There is no 30 Hz component before the step and the amplitude decays

almost to zero in one second. The source was not determined but it could be a mechanica1

resonance of some part of the interferometer (possibly a part that was not securely

fastened).

It is useful to compare the experimentally measured results with the material

properties that are given by the piezo tube supplier, Stavely Sensors. The length change

ofa piezo tube is given by:

L
~=d31LE = d3r h'

and so d31 is found from:

hÂZ
d31 =LV'

where for the piezo tube used, h =0.51 mm and L = 12.7 mm. The exper..menta1 value of

d31 is 212 x 10-21 mN. Stavely Sensors SPecifyd31 = 173 X 10-12 mN, almost 20% lower

than the experimentally measured value. Given the large deviation from the

manufacturer's specifications, it is clearly very important to individually calibrate each

piezo tube.

While the interferometer provides a good independent measure of the piezo

constant, measurements are hampered by low resolution (10 nm for single measurements)

and drift over rime (1.3 nm 1minute) that make it difficult to observe slow effects such as

creep. To get around the limitations of the intexferometer, measurements were made

using the STM tunnelingjunction.

In Figure 7-3, the position of the STM tip is plotted against rime. The tip is

initially as far away from a gold sample as possible (the voltage applied maximaUy retraets

tEe tip). In the plot the zero position is the position at which zero volts is applied to the

piezo tube and the positive direction is away from the sample. The tip is brought towards
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the sample until tunneling starts (the position change of the tube is calculated as

~ = d3,D% 1). Feedback is then engaged to maintain a constant tunneling gap width.

After the initia! extension, the tube continues to extend because of creep. Since the

sample position is fixec!, the feedback compensates by changing the voltage to keep the

piezo tube length constant. When taking an image, if the scan is started immediately after

the initial (large) step change in position, the creep tbat results will appear in the image as

an apparent variation in surface height. Figure 7-4 is an elqlanded view ofthe creep after

the largest initial step of 780 Dm shown in Figure 7-3. After 100 s, the creep is less than

0.1 nm/s. In Figure 7-5, an elqlanded view ofthe 400 nm step from Figure 7-3, the creep

over the last 40 of the 100 seconds is smal!er than the peak to peak noise level ofroughly

0.3 nm (the creep is stnaller than 8 pm 1s).

'The experimc:ntaI Vlliue ofd" is 1lSCd.
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Figure 7-3: Measurement ofPiezoelectric Creep. The position is caJc:nIated from the voltage
applied to the piezo tnbe tG keep the tnnneling gap constant. Alter the initial change in length, the
tnbe gels longer bec:anse or c:reep. To c:ompensate, tbe voltage applied tG tbe tnbe decreases and 50

the apparent position or the tip aIso dec:reases. For smaII initial changes in position. the creep
magnitnde is very smaIL Large initial changes in position sh:Iw mnch Iarger creep. After 100
seconds, the creep is less than 0.1 Dm 15 in an cases.

Note that for the smallest step (about 30 nm), the apparent position first increases

(the effect ofcreep from the 30 nm step) but then starts to decrease after about lOs. The

overall response is aetually a combination ofthe response of the piezo material to the 30

nm step and to the initial large step that pulled the tip away from the sample. AlI of the

three top curves in Figure 7-3 show a reversaI in direction of creep. The rate of creep

after 100 s becomes smaller for the curves as they move closer to the zero position. In the

fourth curve (the step that is closest to the zero position) the creep can not be seen above
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the noise level. The

curves that pass

beyond the zero

position (the polarity

of the applied

voltage changes) all

show a creep that.
does not change

direction but that
...........
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Figure 7-4: Expanded view of creep measured while tunneling for the
Iargest initial position change. After 100 seconds, the piao tube is
exteDding at a rate of less than 0.1 nm/s.
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rïgure 7·5: :Expanded view ofcreep measured while tunneling for the
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after 60 seconds,:he piao tube creep is uDDoticeable.

the STM tip piezo

tube voltage close ta

zero volts, the

efÏects of slow creep

can be minimized.
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The minjmal creep near the zero position explains why aImost no creep was observed in

the 6 V and 12 V step responses (Figure 7-2) measured with the interferometer. Both

step responses were measured at positions close to zero volts.

Among the other non-linearities, temperature effects tend to increase d with

increasing temperature (Stave!y Sensors, 1994). Certain ceramic mixtures are optimized

to give low variation near room temperature (e.g. Stave!y Sensors EBL #1 and EBL #4

ceramics). However, even for materials with very high temperature sensitivity, the change

in d per degree Celsius is only one or two percent For experiments condueted at a

constant temperature (within a few degrees), image artifaets caused by variations of the

piezo constant with temperature are dwarfed by hysteresis and creep.

Long term aging cha:lges the piezo constants over rime periods of weeks or

months. The changes in piezo-e!ectric parameters are very close to 10garithmic with time

over large time scales. The variations, especially a few days or weeks after the piezo

e!ectric material is polee!, are negligible compared to hysteresis and creep.

7.2 Models of Creep

If good mathematical models of creep

could be foune!, the distortions caused by creep

could be removed from images. However,

determining a good mode! is not an easy task.

One ofthe simpleS! models for creep in

a materlal treats the material like a spring in

series with a second spring and damper which

are in paralle! (Figure 7-6). Many materials,

including piezoelectrics, show an initial almost

Figure 7-6: Simple mode! for c:.:eep iD a
material. A spriDg is iD series with a second
spriDg and a clamper wbich are iD paralleL
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instantaneous response tO an applied stress wbich is followed by a slower response that

eventually reaches steady state. In Figure 7-2 fer example, there is a fairly sharp rise (not

instantaneous because ofanti-aliasing filters) followed by a slower decaying response.

While this model is reasonably good for short rime scales (Jess than 1 to 10

seconds), it does not explain creep of the form measured in Figure 7-3. Vieira found that

the longer term creep was weil described by the equation:

t:.z V
- = -(a+PInt),
L d

where a and Pare chosen to best fit measured data, t is the time, and V is the applied

voltage [Vieira, 1986]. In general, a and pare dependent on both the temperature and the

eleetric field. The acruaI dependence on the eleetric field is very small.

Stoll used Vieira's model to implement a correction method for the distortions

[Stoll, 1994). Difliculties arise however because of singularities in the model at t=O and at

Fa;,. The logarithm tenn suggests that at t very close to zero, the step response of the

tube is actually in the negative direction. This is not a physical response. Stoll got around

the problems ofsingularities by introducing small time delays into bis correction equations

and by applying ramp changes in voltage instead ofstep changes.

Image distortion removal bas not yet been added to the STM software written for

this thesis. A second STM will likely be built in the near future and that will either

incorporate an correction algorithm or will use a different aetuator (probably

electrostrictive) that avoids many of the hysteresis and creep pr.lb!ems associated with

piezoeleetric materials (this is discussed further at the end ofChapter 10).

7.3 X and Y Calibration

So far, this chapter bas only discussed the calibration of the piezo tube in the z

direction. An interferometer can also be used for the x and y calibration. Altematively,

the x and y scan range can be calibrated by imaging a sample with known periodicity and

determining the piezoeleetric coeflicients by calculating the voltage change betWeen

periods. Examples of SUlfaces with known periodicity that can be imaged are HOPG
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(highly-oriented pyrolytie graphite), whieh bas an atomie spacing weil known from x-ray

diffraction, or gold plated holographie gratings. The calculation of x and y piezoeleetrie

coefficients is done in the chapter on imaging results (Chapter 9). Using HOPG (Burleigh

Instruments, Fishers, NY) as the calibration standard, it is found (see Chapter 9) that K%

= 3.33 nmN and K.v = 4.46 nm/V. Large difference in the x and y coefficients are not

unusual [Chen, 1993, p. 233). The difference between1(" and Ky once again highlights the

importance of calibrating the piezo tube ifthe STM is to be used for quantitative analysis.

7.4Summary
Piezoeleetric Itlaterials are able to generate very small motions with high precision.

However, tb.eir use is complicated by a number of non-lïnear and non-ideal behaviours.

The !wo most significant problems are hysteresis and creep. Experimentally measured

hysteresis and creep were shown and some models were presented that try to explain the

creep behaviour. However, the models do not fully explain the observed behaviour.

Measurements of shon term creep (6 and 12 V step responses) were used to

determine the piezo cleetric coefficient tbat relates voltage to displacement. The piezo

coefficient K= (extension of the tube) is 5.3 nmN. The piezo coefficients for the x and the

y directions (bending of the tube) are found in Chapter 9 to be 1(,,= 3.33 nmN and Ky=

4.46nmN.
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Chapter 8: System Characterization

In this chapter, measurements of the behaviour of the S1M and ofits components

are shov:n tbat shed light on what level of performance can be achieved. The

measurements also show which system components limit the performance so tbat future

work can focus on ïmproving those elements.

8.1 Frequency Response

The S1M system can be split into five major components, each of which can be

charaeterized by its frequency response. The frequency response gives an indication of the

frequencies over which each component can be easily comrolled. For a particular

frequency, if the magnitude of the response is small or the phase lag !~ big, very large

control signais or special compensators are needed to get the component to track the

control input weil. Disturbance noise can also cause problems at frequencies where the

response is smaIl or the phase lag is big.

The five different components of the S1M are 1) the mechanical structure, whiCÏl

includes the piezoeleetric tube, the S1M base, the coarse approach, the sample holder, and

the vibration isolation system, 2) the high voltage amplifiers for the piezo tube, 3) the

tunneling junetion, 4) the CUITent to voltage amplifier, and 5) the computer based

feedback.

The transfer funetion of the mechanical structure is difficult to calculate from first

principles because of the complicated geometry and the many different parts. Neither is

the transfer funetion easy to measure because ofthe difficulty ofgenerating an appropriate

input. To get a rough idea of the mechanical bandwidth, an approximation to a position

impulse was generated by dropping a brass ball onto the aluminium plate that sits on the

inner tube. (The S1M in tum sits on spring suspended platform that is mounted onto the

aluminium plate).
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The re.:.l'0nse of the STM feedback and the feedback error are sho'wn in Figure 8­

1. The plot on the left is the voltage at the output of the computer feedback (converted to

the piezo tube displacement). The plot on the right shows the feedback error. The large

oscillations in the feedback error show that the feedback is unable to completely

compensate for the dynamics of the mechanical impulse response (the disturbance

rejection bandv.-idth ofthe STM is lower than the oscillation frequency). The frequency of

oscillation, which is attributed to mechanical resonance, is 650 Hz. A:1J.y aetuator

F6 cut::ut VOI:age Errer in IOG(iunneling Current)
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Figure 8-1: Position impnlse response of the STM. The impnlse..-as generated by dropping a brass
bail onto the alamininm plate that 5llppons the STM. The plot on the left sbows the position
command generated by the STM feedback. The plot on the rigbt sbows the feedback error.

displacements or vibration noise at this frequency will couple into the STM system and

distort measurements. The resonant frequency is probably reiated to the structure of the

STM base or of the STM coarse approach. The piezo tube aetuator itse1fbas calculated

lateral (bending mode) and longitudinal resonant frequencies of about 22 kHz and 58 kHz '

respectively\. The base structure of the STM is sigDificantly larger and will thus have a

0561cc .JD: + a:
1 1hc1a1=l=t~orthepiezotllbeisgi-=by f= • •"'Ùere" and

L- 8
c =.,JY1p •Yisth~Y01lIlg'smod1l1us,L is the tube longth, andpisthe density (sec [Chen, 1993]. p. 234).
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much lower resonant frequency. In future designs, it should be possible to increase the

mechanical resonant frequency by reducing the overall size of the entire STM structure.

Finite element analysis mal' be used as a design aid tov,.aràs this end.

The high voltage amplifiers convert the DA output voltage, which ranges from -10

to +10 V, to the high voltages needed to get the maximum displacements from the piezo

tube. The high voltage amplifiers have a designed first order roll-off at 2 kHz (see

Chapter 4). Above 2 kHz, the magnitude ofthe frequency response drops bl' one order of

magnitude per order of magnitude of frequency (the slope of the log-log plot is -1). As

discussed in Chapter 4, the 2 kHz bandwidth was chosen to match the bandwidth of the

current amplifier and ofthe anti-aliasing filters.

The dynamics ofthe tunneling junction are significantly faster than the dynamics of

anl' of the other major system components. E>..'Periments that have been done to measure

the e!ectron tunneling time across the gap yield ....Glues on the order of femtoseconds

[Nunes and Freeman, 1993].

The analysi.~ of the STM system is complicated somewhat bl' the tunneling

junction's exponential current to gap width relationship. The computer takes the

logarithm of the amplified current once the value bas been digitized but the amplification

process itself will distort the observed =ent because of the finite bandwidth of the

current amplifier.

The current to voltage amplifier converts the nanoamp tunneling currents into

hundreds ofmillivolts, with a gain of!08 V/A The bandwidth ofthe current amplifier was

measured in Chapter 5 to be 2 kHz (the improved current amplifier that bas not l'et been

used with the STM bas a bandwidth of21 kHz). Because the logarithm is taken after the

current amplifier, the high frequency components ofthe current that have been attenuated

bl' the amplifier will not be reconstrueted correetll'. However, bl' keeping the eut-off

Forthe pi= tllbe,D = 12.7mm,d= 12.14mm, Y=6.4><10" NIm'.lIIld p= 7500 1:8fm'. The 1aagituc\iDal
c

resonant!requcncy is given by f =-.
4L
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frequency of tlle current amplifier much higher tban the STM system bandv.idth, the

distortion should not be significant. Funhermore, in constant current mode the de.iations

of the current from the set point should be small which in turn ensures that the distortions

are negligible.

The fifth and final major component of the STM system is the feedback

compensator. The implementation of the PID feedback compensator was discussed in

Chapter 6.

\Vhen building a system v.ith feedback contro~ the optimum feedback gains can be

determined using the measured frequency response of the open loop (no feedback)

response. However, in a scanning tunneIing microscope, it is very diflicult to keep the

tunneIing gap stable long enough to make a measurement of the frequency responst:.

Slight changes in temperature, acoustic or f100r vibrations, and drifts in the eIectronics can

aIl change the gap v.idth by enough to crash the tip intO the sample or to move the sample

out oftunneIing range.

gain were.

changed by

smaII amounts to try to

integral

iteratively

Instead, the feedback gains were tuned experimentaIIy. InitiaIly, a smaII integral

term was included 50 that the controller can compensate for any position offset between

the sample and the zero voltage position of the piezo tube. The proportional gain was

graduaIiy increased from

zero untii the system

became unstable. The

proportional gain was

reduced sIighùy to

restore stability and then

the proportional and

E.'\1emal
HP 3562A Vibration

lÀu Sil!. Anal.
IN OUT

1 + !: H.V.I
1 :SIM:1

dist voltage • Gain 1 1li}'IIamics
+

yltoVamp.

V:.

Computer Feedback

Figure 8-2: Experimental setllp for measuriDg frequency respoDSe of
theSTM.

89



reduce the tracking error.

The closed-loop response of the microscope to a kno~"Il disturbance in the z

direction v,as measured to determine system performance. The r~ponse of the system to

a known disturbance added to the z direction piezo voltage (see Figure 8-2) is sho~"Il in

Figure 8-3. \Vithout feedback, the disturbance voltage applied to the piezo tube changes

the gap ~idth, simulating a change due te surface variation. \Vith feeàback engaged, the

feedback voltage ~iIl try to cancel the disturbance to keep the tunneling CUITent constant.

The disturbance frequency v,-as ';aried between 10Hz and 10kHz and the response

v,-as measured using an HP 3562.0\ dynamic signal analyzer. The dynamic signal analyzer

output is a set of sinusoids of gradually increasing frequency. The output is used as the

disturbance to the oz piezo tube. The input to the HP 3562.0\ is the output of the computer

feedback which comes from the digital to analog converter. The tip was not scanned

across the surface during measurements because variations in the surface height during a

scan contribute frequencies to the tunneling gap width that could be confused with the

known disturbance. By keeping the tip at a single point, any variations in the gap width

are due to the disturbance voltage. The measurements shown in Figure 8-3 were made

using a tungsten tip and a gold sample.

Ar. each frequency, the magnitude of the computer controlled feedback is

compared to the magnitude of the disturbance. At low frequencies, the microscope

feedback easily compensates for the disturbance: the voltage output from the computer

cancels the disturbance voltage so that the piezotube voltage is constant (see Figure 8­

3a)). As the frequency is increa.~ the feedback is not able to keep up to the rapid

changes in voltage applied to the piezo tube and the ratio of the feedback voltage to

disturbance voltage falls.
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Figure 8-3c): Cohereuce of the frequeocy response. The cohereuœ is very close to 1 up to a
frequeocy of2 kHz. AbCl\"C 2 kHz, the cohereuœ drops to zero, iDdieatiDg that the measured
frequeocy respouse ahO\"c 2 kHz is '"CrY iDacc:urate.

The cut-off frequency (above which the microscope feedback can no longer

compeosate for the disturbance) determines the ma"<imum frequency at which the

microscope can track surface height changes. From Figure 8-3a), the cut-offfrequency is

found to be close to 500 Hz.

With the feedback loop closed, the cut-off depends on the proportional and

integral gains. The proportional gain was set just below the value at which the system

went unstable (the gain P = 0.01). The integral gain was set to 0.001 to reduce the low­

frequency tracking error as much as pOSSlole while maintaining system stability (I = 0.001

for a feedback frequency of40 kHz 2).

: The clfcel orthe integral gain ina dis=le lime S)ISlcIl depcnds both an the magDilllde orthe gain Illd an the
sampJing ftequenc)•• as di..."ssed in Chaptcr 6.
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The coherence of the measurement "'"aS also measured to show the range over

which the frequency response is meaningfuI (Figure 8-3c). v,,"here the coherence is close

to one. the frequency response measurement is accurate but as the coherence drops

towards zero, the error in the response measurement increases. The coherence limit of

about 2 kHz corresponds to the eleetronic fiItering cut-offfrequency.

The bandwidth or cut-offfreo.uency of the constant CUITent mode is limited by the

dynamics of the system and the noise leve!. For STMs, the bandv.idth is usuaIIy limited by

mechanical resonances of the microscope structure itself. SmaIl amounts of noise or

motions of the piezo tube near the resonant frequency couple into the mechanical structure

and cao cause system instabilities.

8.2 Simulation

A mode! of the STM was created using the Matlab"" programming en.ironment

(MathWorks, me., Natick, 11.-\) to check that the system was correctly characterized.

The Matiab simulation models the mechanical system as a second order low-pass filter

with a band",idth of 650 Hz. The high voltage gain is me>de!ed as a first order low-pass

filter (bandwidth of 2000 Hz). The tunneling junction (l = Ioe-~(:-:')) logarithm (lcg 1)

are lumped into a single (linear) system with a gain of le Finally, the digital feedback is

implemented in the Matiab simulation using an anaIog approximation (where

1d>tolal
PtmDlog=Pd~O.Ol, and ItmDIog=T=0.001*40000 since T = l/fsamp14 and fsampl4=40

kHz). The Matiab language program for the mode! is included in Appendix C.

The closed loop transfer function (with PI control) is shown in Figure 8-4. The

magnitude plot begins to roll off sharply above 500 Hz, in agreement with the measured

frequency response. The simulated open loop transfer function is shown in Figure 8-S.

The open loop transfer function includes the PI controller in the forward path but there is

no feedback. With a gain margin of ooly 10 dB, the proportional gain cao be increased

ooly 3 times before the system will be unstable with feedback.
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In Figure S-5, the phase:: drops from -90 to -2iO because of the :nechanical

resonance poles at 650 Hz. A cootroller cao be designed (e.g. a lead compensator) that

would increase the phase oear 650 Hz, shiftiog the -ISO degree phase point to the right

and increasing the attainable bandv.idth. However, eveo if the feedback system is stable

above the mechaoical baodv.idth, there is DO way to distioguish betWeeo the sample

surface height '1lariations and the mechaoical ...ibrations. The ooly practicai way to

improve the bandv.idth of the microscope is to iocrease the mechaoical resonance

frequeocy ......ith a more coI:1paet design and stiffmaterials.
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8.3 Scan Rates

In constant current mode, the maximum scan rate is proportiooal to the feedback

cut-off rate and in....ersel)" proportiooal to the highest sP<'.tiai frequency in the sample:

(v""", is the scan rate, f =_0" is the cut-off frequency, and Tl is the maximum spatial

frequency). The total scan rime is given ['y:

N• [ N [Tl"""t = x-- = x---"=-
V.s=rt f ca-off '

where N is the number oflines being scanned, and [ is the Iength of each line. The only

"..ay to reduce the constant current ;maging scan rime for a given sample is to increase the

cut-offfrequency.

To determine the ma."<Ïmum scan rate that can be used in constant current mode,

the spatial frequencies present in the sample need to be knO'l:l.'Il. For example, to get

atomic resoIution on graphite, which has a spatial frequency of 4 nm- l (an atomic spacing

of025 nm) the maximum scan rate is:

2kH=
v =-­
""'" 4nm-1

= 500",%.

Ifa higher scan rate is used, the current amplitude changes will be attenuated and a phase

Iag will be introduced that will diston the image.

In constant height mode, where the tip height does not follow the surface contours

and the image is consuueted from the variations in the measured tunneling cmrent, the

Iimit to ;maging speed is the maximum frequency at wI-...ich variations in current can be

measured. This frequency is the smaIIer of the cut-offs of the current to voltage amplifier

cut-off or the Iow-pass anti-aliasing fiIter at the input of the analog to digital converters

(both are about 2 kHz). For constant height mode, the proportionai gain is reduced 50

that only slow surface variations are followed and the scan rate is increased.
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8.4 Microscope Resolution

Microscope resolution determines bow small an object cao be observed. For the

scanning mnneling microscope, two different resolutions exÎSt. The first is the resolution

in the plane of the sample (the lateral resolution) wbicb determines the smallest separation

between features tbat cao be distinguisbed. The second is the resoiution perpendicu1ar to

the sample Cm the z direction, paralle1 to the piezo tube a':ÏS) wbicb determines the

smallest change in beigbt tbat cao be measured.

Resolution is often experimentally determined by measuring the impulse response

or by measuring bow far apart two (small) objects must be to be distinguisbable. For

STM, the smalIest objects tbat cao be observed are atoms and they are often used as an

indication of good reso!ution. It is diflicu1t to experimentally measure resoiution smaller

tban the atomic spacmg.

A lower bound for the lateral resolution cao be calculated by measuring the noise

leve1s of different parts of the microscope setup and calculating bow they affect the

positicn measurement. Sucb a calculation is more useful for the design stage of a

microscope tban it is for cbaracterizing the system performance bec:mse it is an estimate

rather tban direct measurement of performance. This estimate is made in Cbapter S in

order to be1p prediet wbetber or not atomic resolution will be obtained. The lower bound

was calculated to be 0.14 nm for a bigb voltage gain of lS rimes and 0.018 nm for a bigb

voltage gain of 2 rimes. The most important source of noise not included in the

calculations for these values is noise from vibrations tbat affect the tip position relative to

the sample. The vibrations will move the tip both perpendicular to and paral!el to the

sample. The tip will also reduce resoiution becanse it is not perfectly sbarp.

Unlike the lateral resolution, the perpendicular (or z direction) resolution can be

measured. Keeping the tip in a single position (not scanning) and determining the

variation in the heigbt of tbat point as measured by the microscope gives an accurate

indication of the noise in the z direction. The smallest step change in heigbt tbat can be

measured, and hence the resolution, is limited by the noise amplitude.
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The perpendiculal' resolutiOI: of the microscope depends a great deal on both the

sample and the tip tnaterial becallse of distortion of the sample or rip from interatomic

forces. Figure 8-ï shows a typical measured height through time of a p...int on an HOPG

surface using a PtJIr tip. The measurement was made in the middle of the day. The

standard de\iation of the measured height is 0.11 om. Measurements Iate at night or in

the very early morning tended to have lower standard de\iations of 0.03 to 0.05

nanometers. The difference in noise levels between the night and dal' is due to increased

\ibrations during working hours and explains whl' aromic resolution images could not be

obtained consistentll' during the dal'.

The measured height ofa point on a conducting poll'mer surfuce imaged c!ur:C:lg the

daytime with a poll'mer coared PtJIr tip (PtIIr from Goodfellow, Berwyn, M.-\.) is shov.-n in

Figure 8-6 (hoth poll'mers are poll'pl'rrole). For the poll'mer to pol)'lI1er tunneling

junction the position variance is 1.12 nm, about an order of magnitude greater than for

HOPG. For the pol)'lI1er to pol)'lI1er junction, the increased noise is anributed to the

softness ofthe marerial.

In conclusion, nu:nbers cao be given for the besr possible resolution of the

microscope. The Iateral resolution of the microscope v.ill be no better than 0.011 nm (x

direction) and O.oIS nm (y direction) and the perpendicular resolution ofthe microscope is
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dependent on the sample but ~ill be above 0.011 nm. The calculation of the lateral

microscope resolution ignored variations in the tip to sample distance due to vibrations

and sample or tip distortion and so the aetual resolution obtained will depend on the

laboratory conditions during the measurement.
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Chapter 9: Imaging Results

9.1 Current Distance Curve

The key to the em-emely high sensiti.vity of the scanning tunneIing microscope is

the exponential dependence of the CUITent on the gap width. The tunneIing CUITent

fiowing betWeen the tip and the sample changes by an order ofmagnitude for a changes in

the gap width ofonly a few tenths ofa nanometer.

The current voltage curve was measured for a gold sample and a PtIIr tip. As was

discussed in Chapter 2, the current-distance relationship should have the form:

1, a::~ p.I'I'(O)l
z
e-d

,

where, 7C = .p;;ïi ,dis the gap width, Vb is the bias voltage, p, is the electton density of
11

states, and '1'(0) is the electron wavefunetion. For a gold to PtIIr tunneIing gap, ~, P.,

and '1'(0) are constant. m= 9.l1xl0-31 kg, 11= 658xl0-16eV·s, and tP is given

approximately by the average ofthe work funetion ofgold (tP.AIl "" 5.4eV) and ofthe Pt/Ir

tip (tP Ptllr "" 5.7eV) gi.ving tP = 555eV. Using these values, we expect the value for 7C to

be 12.5 mn"l.

The measured curve is shown in Figure 9-1. The top plot shows the current

plotted against the position. The 10wer plot shows the naturallogarithm of the current

plotted against the position.

It cao be seen from the 10wer plot that the curve is close to exponential. To find

an experïmental value for 7C, we x:eed to take the 10garithm ofthe current:

10g(I,) = -'/Cd+Constant

and 50 -7C is the sIo?e of the log(t) versus position plot. A linear least squares

approximation to the measured curve (Figure 9-1, lower plot) gives 7C =2.8nm-1
, which is

significaotly different from the theoretical value of 12.5 mnol
• The error between the line
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The value for the work

funetion calcuIated using the

measured 1C is 0.27 eV, much

sma1ler than the expected 5.s
eV. In the original

experiments done by Binnig

and Rohrer, the value of the

work funetion was also found

to be Iow even in vacuum

fit and the 10garithm of the

CUITent is most Iikely caused

by noise in the position

(typicalIy 0.11 nm RMS as

measured in Chapter 8).

CurTent '"S. TIp Position

log.(CurTent) vs. Tip Position
4r---,....-~;.--....,.:.----;;--...,....---.,.....-.,

(BinDig et al. found work

funetions between 0.6 and 0.7

eV [Binnig et al., 1982]).

After repeated cleaning of the

sample SUIface, they measured

a work funetion of 3.5 eV.

The much Iower than expected

value for the work funetion

observed when not in vacuum

or when samples have not been

properly cleaned is generaIly

attributed to SUIface

contamjnation (air bome particuIates or thin films ofcondensed water vapour).
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Figure 9-1: Measared cnrn:nt vs. position c:arve (top) and
log(cnrn:nt) vs. position c:arve (bottom) for a gold sample and
PtIJr tip. The slope of the least-sqnare fit tu the log plot
(shown as the straight liDe) gives a value for 1C of2.8l1l1i'.
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•

•

•

9.2 Holographie Grating

The tirst images acquired with our scanning tunneling microscope were of a gold­

plated holographie grating \\;th a spacing of 200 nanomelers. One of the images taken is

sho\\n in Figure 9-2. SmaII crystaIIites of goId that form during the plating process can

be clearly seen throughout and have grain sizes that are close to 10 nanometers (typical

grain sizes are expected to be around 10 nanomcters [Miller. 1994]). The image shown

has not been filtered or processed in any way.

60

(nrn)40

200·· 400 600
Nanometers

Figure 9·2: STM image ofa gold plated holographie grating. The line
spacing is 200 nm•
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Figure 9·3: Constant current image of HOPG.

•

•

9.3 Graphite

Atomic rcsolution Imagcs of

graphite (HOPG or highly oricntcd

pyrolytic graphitc) werc takcn in both

constant CUITcnt and constant hcight

mode. In constant CUITcnt mode. the

scan specd was limitcd to about 10 nm/s

in order to keep the current error low.

The best images at constant current

tended to be taken late at night when thc

lab environment was very quiet. Even

late at night, images that were acquired

often show streaking effects parallel to

the raster scan direction. A constant

current image of HOPG is shown in

Figure 9-3. The image was acquired in

64 seconds. The vertical direction in

the image corresponds to the direction

along which the tip was scanned.

0.2

0.4

0.6
e
"
~
"ccz

1.2

1.4

O.s 1 1.5
Nanometers

2

Figure 9-4 shows two cross­

sections taken from Figure 9-3. The

upper plot is a cross-section taken in the

Figure 9-4: Two cross-sections from Figure 9-3. The
upper cross-section is taken in the vertieal direction
parallel to the sean direction. The lower cross­
section is taken in the horizontal direction
perpendieular to the sean direction.

•

direction of the tip scan (up and down

the page in Figure 9-3). The corrugation amplitude of the HOPG as measured by the

STM is between 0.1 and 02 nm peak to peak. The lower plot is a cross-section

perpendicular to the scan (going across the page in Figure 9-3). The position of peaks in

the lower plot is very difficult to determine. Because the upper and lower cross sections

were not along taken axes that are symmetric, the periodicity observed in the two plots is

different.

104



• Constant height images can be takcn at much higher scan ratcs and are therefore

more immune to low fTequency vibration noise. Complete constant height images can be

acquired in seconds as opposed to the minutes required to take a CUITent image. The scan

rate for a constant height image is limited by the 2 kHz bandwidth of the CUITent

measurement electronics to about 2000 pixels per second. For HOPG. which has an

Both axes in nm
Figure 9-5: Constant height image of HOPG. A Gaussian filter (sigma· 1.3 pixels) was used•

•

•
1 2 3 4 5 6 7 8 9 10
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atomic spacing of 0.25 nm, sampling at the (spatial) Nyquist rate gives a scan speed of

about 250 Dm per second. An Il Dm by 13 Dm image acquired in 64 seconds is shov."D. in

Figure 9-5. Imaging an area the size ofFigure 9-3 takes just under 2 seconds.

The constant height image was used to calibrate the horizontal (x and y direction)

motions of the piezo tube. The atomic spacing of HOPG is weIl knOv."D. and has been

measured using x-ray crystallography. An accurate measure ofthe x and y piezo constants

was made by determining the voltage change applied to the piezo tube for a movement

across a certain number of carbon atoms. The calculated values for the piezo constants

are Kx = 3.33 nmIV and Ky = 4.46 nmIV. The difference in tl.~ x and y piezo constants is

probably due to damage to one of the piezo electrodes from soldering during assembly of

theSTM.

"'r--~-...,....----,-----,---,I

9.4 Po/ymer Tunneling Junction
If tunneling junetions are going to be miniaturized so that they can be easily

integrated into small moving mechanisms such as micro-robots, a simple and effective

manufacturing method is required. Ifthe same manufaeturing method can be used to build

the entire micro-robot as weIl, then it may be possible to avoid many diflicult assembly

problems. Conducting polymer techno10gy offers almoS! every different element that

might be required to build an independent

micro- or nano-machine.

il _._. ---!"---. ---~i--+-.-1'lf'lI
: . . .
: : ! !

• ~. r---t-.--H

To test the feaSloility of using a

polymer to polymer tunneling junetion as a

sensor, the stability of a polymer tip to

polymer sample junetion was measured.

Because polymers are very soft materials

(typical Young's moduli are on the order of 1

...!-.--.*.--+-.......",.~-.~---,.*.--:!.IGPa, a few hundred times smaller than
T'_(s)

Figure~: Gap width stabillty measared typical metals) the interatomic forces
betweeD a polypynole tip and a polypYJTOle
sample. The jUDe:tiOD is stable to withiD LI between the tip and the sample can cause
nmRMS.
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significant distortion. As the tip moves towards the surface, the polymer sample

molecuIes close to the tip may be cither pushed away from the tip or pulled towards the

tip. In some cases, a smaiI movement of the tip towards the sample can cause a Iarger

motion of the sample leading to instabilities when imaging [Chen, i 993, Cru:pter 8]. Thus,

the gap stability for soft conducting materials such as polymer is lower !han it is for harder

conduC!ors.

ResuIts of gap stability measurements at a single point are shown in Figure 9-6

(this resuIt was also shown in chapter 8). A layer (-ID micrometers thick) ofpolypyrrole

was eleetrochemicaIIy deposited cnte a tungsten STM tip. The polypyrrole tip was then

used to measure gap stability at a single point of a polypyrrole sample (Figure 9-6) which

was found to have a noise level (or stability) of I.I nm RMS, about an order ofmagnitude

worse than the PtIIr to gold tunneling junction.

WhiIe the stability of-.he polypyrrole tunneling junction is not high enough to give

atomic resolution images, it should be possible to improve the resolution by increasing the

strength of the polymer used in the experiment. Polypyrrole was chosen because it was

easily avaiIable in the lab but there are many other conducting polymers that can be tried.
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Chapter 10: Conclusions and Future Work

10.1 Scanning Tunne/ing Microscope

The scanning tunneling microscope successfully acquired images with a total field

of view from 1 nanometer up to 800 nm. The smaII scale images easiIy resolved atomic

features on highly oriented pyrolytic graphite (HOPG). The STM operates in an

environmental isolation box to shield it from electromagoetic, thermal, and mechanical

disturbances and uses an integrated compute-.r controlled coarse approach with a 10 nm

step size to accurately position the sample within the range ofmotion ofthe tip.

10.2 Future Work

Future work to improve the microscope will proceed aIong severaI directions.

First, the mechanical structure of the microscope will be redesigned to improve

performance. By carefully choosing materials for their thermal properties, namely their

coefficient of e>.."pansion and their thermal conductivity, it will be possible to design the

microscope to have aImOst zero drift due to tetnperature changes. Low thermal drift is

especially important for large range, high resolution images where imaging time can be an

hour or more and the Iab tetnperature can drift by a few degrees Centigrade.

Another aspect of the mechanical redesign will be to increase the resonant

frequency of the STM structure. Reduction of the size of the structure while ensuring

suflicient rigidity should allow increases in mechanical resonance to frequencies in the 10's

or even 100's ofkiIohertz. Fmite eletnent modeling packages will be used to speed the

design process by simulating mechanical behaviour before machining and construction.

\Vith the high mechanical bandwidth that we e:tpect to achieve, resonance of the piezo

tube aetuator could become a limit to the microscope performance. In the final design, we

may use a smaller piezo tube with a corresponding smaller total range ofmotion.

Wtth the smaller range ofmotion, it will desirable to have better control over the

coarse positioning ofthe sample. Ideally, the sample should be able to move aIong tbree
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axes v.ith close to nanometer resolution and millimeter or more range of motion. The

coarse approach mechanism used by the CUITent STM can easily be expanded to two

degrees of freedom. Future work on the coarse approach will investigate how to e),."tend

movement to three degrees offreedom and integrate it into the microscope design.

The second direction of improvement will be to change the configuration of the

computer sofuvare and hardware. \Vith the anticipated performance improvements for the

next-generation STM, real-rime imaging or close to real-rime (> 10 images per second)

will become possible. The sofm-are controlIing the microscope will be able to display

images as they are acquired and alIow real-rime user control of the image position on the

sample by both piezo tube and coarse approach positioning. UItimately, the real-rime user

control will be implemented with a three degrec of freedOID, force feedback haptic

interface 50 the user can 'feeI' surfaces at the atomic scale. In order to accomplish these

goaIs, the performance ofthe computer hardware will need to be increased. In particuIar,

the DIA and A!D access rimes need to be reduced iftheir full 100 kHz bandwic':th is to be

used. The fioating point and graphies performance of the computer will aIso need to be

upgraded for display of images as they are being acquired. Also, higher resolution DIA

converters will make possible atomic resolution for large field ofview images.

FinalIy, the third direction for improvement is to get better aetuator performance.

Both hysteresis and creep cause significant distortions in images and make accurate

quantitative measurements of samples very diflicuIt. Improvement of aetuator

performance can follow one oftwo approaches. Ether the hysteresis and creep need to be

modeled or an alternative aetuator shouid be used. Some work on modeIing the creep of

the piezoelectric material bas already been started and it shouid be possible to correct in

sofm-are for image distortion. However, a simpler approach is to use an electrostrictive

material such as PMN (lead magnesium niobate), which bas much lower hsyteresis than

the piezoelectries used for STM aetuators.
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10.2 Tunneling Sensors

The construction of a polypyrrole polymer to polymer tunneling junction (wbicb 1

believe to be the first ever) is a smaII step tov..ards micro- and nano-scale polymer sensors.

The junction was stable to v.itbin about 1.1 nanometers (RMS).

Further work on the polymer to polymer junction will include tr)ing different

conductive polymers, obtaining images using polymer tips, and uItimateiy building a

polymer aetuatec!, polymer to polymer junction.

One ofthe causes ofa polymer junction instability is the bigh material compliance.

Many different conductive polymers have been synthesized and we will investigate using

materials other than polypyrrole. 'While the material compliance is expected to be the

dominant factor in determining the junction stability, other factors may also be important.

In particular, the mechanism of conduction in polymers is not weil uo.derstood, especially

as it could relate to tunneling from a sharp tip. It may tum out !hat a polymer with a

greater bulk compliance bas a cbemical structure !hat yields improved stability of the

tunneling gap.

One ofthe goals ofthe polymer 5TM work is to image a polymer substrate with a

polymer tip. Initial efforts have been unsuceessful because of the large variations in

surface height of the samples imaged, due either to an uneven sample or to deformation

from tip to sample forces. As an intermediate step, i:nages ofwell known, more uniform

surfaces, sucb as HOPG or the gold plated holographic grating shown in Chapter 9 will be

acquired using a polymer tip. At the same time, attempts will be made to grow more

uniform, smoother polypyrrole surfaces.

Once images of a condueting polymer are obtained, a polymer aetuated STM will

be built. The STM will use contractile polymers being deveioped by Professor Hunter's

laboratory for position control ofthetip. Eventually, even the mechacical structure ofthe

STM, including a coarse approach mec:hanism, will be constIUcted from polymer to show

!hat polymer STMs are a viable choice for sensors in micro- and nano-robots.
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10.3 Conclusions

The process of building the scanning tunneliog microscope and using it to image

different materia!s brought to Iight many issues that v.ill be very important when working

at the nanometer scale.

The extreme!y high position sensiti~ity of the tunneliog junction highIights the

magnitude of the ambient ~ibrations io a typicallaboratory en~ironment. vibrations on the

scale of hundreds of micrometers are common and must either be attenuated by an

isolation system or be rejeeted by the mechanical structure ofthe microscope. The former

implies a relatively bul!.:y mass-spring-damper or equivalent setup v.ith a very low cutoff

frequency. The latter necessitates building structures of small size so that the mecbanical

resonant frequencies are weIl above the dominant noise frequencies.

The tunneliog junction sensitivity to position aIso highIights the variation of

materia! dimensions with temperature. Temperature variations must either be anenuated

or, by clever design, canceled out. CarefulJy matching temperature expansion coefficients

io key parts ofthe design can reduce thermal expansion effeets almoS! to zero.

Finally, ioteratomic forces seem to have a significant effeet on the junction

stability. Particularly for soft materials, ioteratomic forces are large enough to cause

significant deflection. In the measurements of polymer to polymer tunneling, the forces

lead to mucb larger oscillations io the gap width !han with measurements using stiffer

materials.

In the design and construction of the digitally controlled STM, the engineering

obstacles arising from vibrations, thermal expansion, and ioteratomic forces were

successfully overcome. But the performance of the SlM can be improved. For future

work on nanoscale systems, aU ofthe lessons learned will need to be taken ioto account io

order to achieve higher leveis ofperformance.
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Appendix A: Construction Drawings for STM.
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STM BASE (dimensions in millimeters)
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STM NANOSLED (dimensions in millimeters)
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Appendix B: C Code for Computer Control
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sfm3.c
.,
,- Rough GUll/ne;

..

.. Modificd:

.. M.y 1I1b. Peler Mldden. Removcd 0 lenn ln feedback
•• 10 Incruse (eedback raie. Also changed ourputs sa
.. 'haUlgnals for X,Y, ond Z Ire oulpoUnd chey
" arc .hen added uslng Inllog clreullry (In,'ead of
.. dlgi'" addi.lon followed by four (one fore",h channel)
.. OA OUlpUlS whlch wu 100 slow...
.. M.y 16'h, P.M. Chlngcd Ib() 1111110 billo müoll more genenl.....
" Use...nosled....d fbic:k.• 10 conlrol.he STM.
.. nlnoslcd roullnes arc used for coUle IpproI<h ln comblnalion wilhl
.. fbRomp from fback." (IbRlmp moves lhe Iip lowanl••he .amPio unlil
•• lhe selpolnl tumnll. readted or untillhe lhe mu; ellensfon of lhe
•• pJeIO" relched)...
•• Once lhe COUIC IJlIlrolch nano·sleppcr has posfrloned lhe sample
•• wllhfn the plelO lube range of mollon, dalal. laken uslng lhe
.. Ib() roull .......
.. The PlO eO""nlS arc se' by eilling lhe (Me.upAl (11.0 used 10 sel
.. lhe eurren' setpolnl ..d lhe .ampling lrequeney used fo,the feedback
"Ioop)...
" Sean panmele.. (number of, and y polnlS. , and Y.Ize (In nanomel...).
" .... lOlo, ..d polnler 10 ,he hnagollTlY) arc ... u.lng .he fbSelupScln()
•• subroutJne...
.. VXI fun<lIon. arc from valf<n.• (lhese arc used 10 Inilllll.olhe
.. VXI,'o elose the VXI. and 10 wrile and read vII....)...
.. Pinally,lhe Inlerrupl. <.. be lumed orr usln,lnlenvpCJ_ofro
.. and reJlored wllb InlenvpCJ_onO. These come from the vallib.1 filo
.. whleh mu.' be 1n<ludeel (use 1 mûo me 10 do ohl.).

".. Ilrnconlrol.c

E

.... ApriiIOth, 199$ Ptter Mldden.

1) Oc, P.I,O p3l4melcn. currenl selpolnl. and r«dbaclt umpling raie.
2) Otl scan paramclcrs: nomber of x and y pofnlS. slze of lhe scan,

lhe Kan raie (in piAels pet second).
3) cali fbSclupfl) and l'bSclupScan 10 (niliaJjle lhese values.
4) Inili.llse the VXI.
5) Loop Ihrough untilsample Il wilhln lhe range orlhe pielD lube:

1) Ramp.he piero lube.
li) rr nol wllhin range,jump the slcpprr towAld lhe lip.
III) repe,'I)

6) Onu pelro 1. wilhln range. call1he Ib() rouline. The filSl lew
seconds (on April 10, 3<k slabilisalion rime) Ile uled 10
seule lhe (ccdback roop. glving lhe (nlcgrallenn 1 chance
10 mave lowardslhe su,face (rom lhe Ilarling polnl whlch is weil
blek. Then the image I..«o,deel.

7) The lip 1. wl.helrawn.
8) The coarse posilioner ,••tepper away Il 'call • micron.
9) 1llc lip posilion Il rtlumed la zero zero zero (JI: • y,l).
10) The VXI bu.1s dose ..d the prog,am end•.

"
lindude -/ulpclermlvJl:Vpele,/vx!rcn2.c-
lindudc -/ulpelerm!vJl:Vpcle,lFJItekllbad:,c·
'include ·/ulpelennlvJl:Vpele,lNanoSledlnanosled,c·
lindude ·/ulpclermlvJl:Vpele,lMllllblmalllbfcn,c·
'indude <sldio.h>

/·0 Iffnlenupts Ile nollumed orr·/
.denne INTERRUPTS_Ofl' 1

void gelfbparam();
void gelsc.1nparam(lnl ·Jl:piJl:.lnl ·yplJl:•

nuai ·ulze, noll 'ysI1.e,
fnl ' Re'umType);

void main() ( /' main rouline '/



li

double Itepslze. pulsel1me; ,. ror Nanosled mollon .,
double 10. lf;/' for limln, pUfJlClses '/
nOie 'Pulse, ·'mage;
Inl Xpll, ypb:
nOlllslze. yslze;
double 'd'male;
Inl RelumTyJlC:

nOll Ipprale.lemp;
InIIJ;
sbar.ln' ChanneIOaln(64);
Ooal V.. Vbl..;

In1 StIIUS;

MATFiIe ·rmalj
eb.. filenameISO). slrinIIIO);

lellbpmml);
,elS<anpanm(•.,plx, &)'pll, &..1,-<, &yslze, &RelumType);

prlnlfl""P,.... enler lbelunnelln, blas vollale:");
scanf("~r-, &Vblas);

prin.n""O);
"r01(1=0;1<64:IH) .

ChannelOalnll! =4;
/,

,. +.. 16V range ror AD convenlon.•,

/'
scUllns(Cbanne'Oaln);
'/
InfllaUse_nll);
IbMoveAway();

prinlfl""Ple... tnle,!he Nanosled Slep slze (V):");
scanf("~r-, &Iemp);
slepslze" (double)lemp;
prinln""P1e... enler lhe Nanosled ptIlsellme (s):");
.canf("~r-, &Iemp);
ptIlstllme =(doublt)ltmp;

li

prfnl«"\IIP'etiC tnlcr file narne ror ~Iortd van:");
scanrr%s". filen,me);

fl.1nOSClchannd(IOOOOO.O,7); ,. Channel ror nanoslepper sign~l . •,

Pulse = nanomovcinil(slep~Î1.c, pulsclime, PlUSIlIR);

prin.f("Sltpslze: 'M ptIlsc.lmt ~I\n0, Sltplize. ptIISC1i.ne);

prinlrrPlease enler lunocling lip approach raie (VIs):");
scanrr~"'. &a(lfH.1Ie);

R,lIialOn(Vblas); ,. lurn on lunncling .,

fbOoloXYSIIf1(&Slalus),'· gala Iniliall,y voIlages.•,
If (S','"S 1= 0) /
prinfWI!rror in seuing up: V" or Vy I~ 100 11Ige.\ln:
prinlW"Conlinuing anyway.");,

1=0;

V. = IbRamp(lwrol<1SO.0);
IbMoveAwayl):

pfinlr("\IIPiUI approach, VI. = ~l'\n•• VI);

prinlr("'\nPiezo voilage (al 51a11 orlunneling) is:\n");
Approaeh:

whiJe (V. == -10000.0) /
1r(INTP.RRUPTS_or·l?
InltnuplS_orrl);

nlllomovc();
'f= 1:
10 = sccond()j
whUe ('010.015 > sccondOl;/' wal17S ms '/
V. =IbRamp(awrolt);
IbMoveAwayO;



2

nanomoveO:
IfllIm!RRUPTS_OFl')
Inlerrupl._onl);

1b7..ero(): " KI plezo voilages 10 7lro "
1b00••arfl);

close_YAiUi

prlnlf("1nSTM eonlrol prognm qullllng.In·);

void gelsClnparam(lnl '.pI.,lnl 'ypb.
noat ',ulu, noal 'ysiz.e.
'nl 'RelurnType) 1

l'InlllanselbSdupSClnl) '1

Jnl nOlole,
noal sannrej
Inl ScanTypei

nolole='.
whlle (nolok) 1
prinlfrPI.....nlcr lhe number of x pb.I,,·);
SClnW';W-, Jlpll)j
prlnlf(·PI.....nlcr lhe number of y pixel,,");
'Clnf("'.{,d·, yplx);
prin'r("PI.....nlerthe x .Ize (nm):');
scanW~"", xslze):
prlnlf("PIe....n'cr lhe y .Ize (nm):');
.eanr("~r, y.lze);
prlntr("PIe....nlcr!he .ean nie fplxels 1second):" );
scanr(-~,... &$CaRrale)i
printr("PIe....nlcr 0 foulngre polnl or 1 for avcnglng dala:");
.eanf(·'.{,d", cleSeanType);
prfnlWPlease tnler 0 ror Pos, • ror Error, or 2 ror balh saved:-):
sCln'(-%<I-, RelumType).

nOlok = lbS'lupSean('.plx, 'ypla.
·xsJze. 'yslu,
SeanType. 'R'lUmType.
scanrate)i

iv

I[(nolok 1= 0)
prinlWP.rrol in Inpui values (gelscanpara,"=~d)". nolole);

1:" repeall Ir fuSelupSeln docs nol relum 0 "
1

void gCllbpar.ml) 1
" '"iljalise rbSelupFU "

noal p,l,d, selpolnt. umple'rcq, seille lime:
Int nolole;

nolole = 1:
whlle (nolok) /
prinlWPJease cnler P:-);
.canf("~r. cle p);
prlnlr("PI.....nler J:");
.c.nr("~I". clel);
prinlwrlcase cnrer J);");
.canr("~I". cled);
printf("Ple.ue cnler lhe currcnl sel point:-);
scanf('"%", &selpolnl);
prinlWPlcate cnler the fu 'oop sample rre(j:-);
scan(('"IAl"', &:samplern:q);
prinlrrPlease enlcr lhe fu seille lime (In seconds);-);
scanf(·~"', &: seUreljJne)~
nolole = IbSclUpfIJ(p,i,d. selpoln!, samplerreq, selilcrirne);
1; "rtpc"IS unlil fbStlUpFn rtfums O"

1



El

If (Vll= (OO.0סס1- Il' Confirm rhalsamplel.ln range '1
Vl = IbR....pl.pprald20.0);
IbMoveAw.y();

1
If (lNTF.RRUI'TS_OFl')
inlerrupts_on();

10 =second();
whUeOO.O.1 >.econd()); l' w.il 0.1 • "
Vl = IbR.mpl.pp,alel20.0);
IbMoveAway();

prlnlr(" Slow .pproacb: %l\n", Vl);
If(Vl= (OO.0סס1-

golo Approach;

Ir (Vl < -3.0)(
VI. = ;oo.0סס1· "Try (or cenlero( pello range (leu hysleresis) "
golo Approaeb;

1

" Now ln good posillon: "
prinln"ln"'");
fbMoveAw.)'l);/' moye aw.y and lhen slart rudback: "

prlnln"ln%<! .lep. 10 eng.ge. SI.tling feedbacklln",I);

10 =second();
white (10.0.100 > second(»;" pause 10 Ici Slurr prinl on sCleen "

If(INTERRUI'TS_OI'I')
inlcnuru_of(()j

10 = second()i" llart IImlng "
Image = Ib(&SI.IuS);
If=second();I' Slopllming"
Ir (IIm!RRUI'TS_OFl')

Inlernrpl._on();

IflSlalu.l= 0) 1
prinln"lnERROR ln Ib(): %<lin", SIIIU');

Hi

JlfinlWvlAverage lime per rixel: %.IOe\n", (1(. IO)l(double)(xlli"ypix));

" N«d 10 (onve,. Image 10 double 10 slore (or mallah: '/
" If RClUmTypc = RlITnOTlf,lhcn m31,ix is l\Vice lU bigll "
d'mage ::(ooullle ')rnalloc(xpix 'yphr; 'SllCof(douhle)'«RclurnType==RrnIlOfll)72: 1»);
for fi ;:: 0; i < ((RclurnType=::RHTrIOTlI)12:1)'xpix'ypil; i t t)
dlm'gell) = hJouhle)lm'gell);

rmal = wrilcopen(nlcR:une);
lemp = (douhlebpix;
Inalrilwrilc(rm:u, ·Xpil·,&lcmp, l, 1);
lcmp = (double)ypil;
m31,ilwrilc(fmal, "ypix·, &lcmp, l, 1);
'cmp = (douhlc)ub.e;
mallÎJl.wrilc(rm3I, "uilc", &llcmp, 1,1);
Icmp = (douhle)ysil.e;
malrh.wrilc(rmal, ")'s17.e·, &Icmp. l, 1);
lT1a1filwrilc({rnal, ·'mage·, dlmage, «RclumType==ltBTIIOTII)12: 1)'.llpi.ll'ypill. 1);

lOatlabdose(rmat);

rrrc(dimage);
r,u(lmagc);

.if cl<nned(llOTIIIS)
p.inlr("l!nlcr numbe, or sccontls 10 wail:·);
scanrr"f'". &asbe);" asbe nol uscd anymorell!l "
10 =sewnd();
prinlW\nWlliling %rscconds...\n·,llsize)j
10 t= (doublc)ub.e;
whilc (10 > sccond());
'endir

IbMoveAw.y();
" Dack .WB)' 100 Slcrs al lOuimum 10 ml'lke gel way oui or IlielO "lOge "
Pulse = nanomoveinil(slepsilC, pulselime, MINUSUlR);

If (1IITERRUI'TS_OFl')
InlerruplS_oll();

fo,(I=O;1 < 100;1 H)



fback2,c 'deOne MAXYSIZI! 1000.0

"............
/baeU.c

Peler Madden. April71h, 1995

ModiO,d May Slh, 1995.

" ne.1 value in Hl "
'd.One MAXFIlfRP.Q 100000.0

" Piel-O Tube con\'anU:. "
" The:sc are in nmlV "
'dcOne UperVz. S.O
'deOne Vpc'V. 4.2
'd.One Ilpc,Vy 4.2

•; fback.c conlalns toullneslo sel up and run the STM...
.. This 'nclndel bolh seulng up lhe scan'fAle. resoludon. cie. and
.. scllinSlhe .onslanls ror.he PlV r"dbaek loop...
"
" ,deOne rmouoFll "

" TASCO Channell>dinirions "
'd.One XIlAC 0
',icOne YIlAC 1
',icOne ZIlAC 2
',icOne VillAS 4

" Saine s'rudules rhalllc used (GLOBAL. VARIAIII.P...'i) "

f' ror fb() Sampi. M.lhod "
Id.One SINO!.!! 0
',IcOne AVI!RAOP.PTS 1

" ror IbO RelurnTy)lC "
Id.One RIlTPOS 0
'd.One RIlTP.RR 1
Id.On. Rll1110Tlf 2

af'll 1
Ooal
noal
OO:ll
Ooal

1FIl;

P,I,V;
selpofnl; "nanoampl-'
IlImplc(ltq: ,- III "

"'Ilerime; "rime or n. ,cilie berore dala la1cn"

1
inl xpoinls, l'poillls;" ph:cls "
noal ul1c. ysl1.ei "nanoroclen"
Inl ScanType; " SINOI.1i or AVIHtAGI!I'TS "
ln. R<lumType; f' RP.T1'OS, RIlTP.RIl, or IUmlOTII "
noal raie; " pixels' second "
noat "mage; "polnler fo hnoge onay"
1Scan~

.Scan

slruel

slruel

" Sorne Indudu: "
'Indude "'ulpcl.rmlV.Vpclcrfulren2.h"
'indude <math.h>
'incfudc ·'ulpeltrmfuLtpclerlsccond.c· " ror t(lllime msml'I of lime "
"mlude -'ulpelennfvdfpcltllTabltllabfe.c·" plccewls.e approx. lolog(x) "

" ne.11wo values are ln unilS or nm (lype Ooal) "
"MAXXSIZBI.MAXVOL.TAOn' 2' VpcrV. = 1008·> 10000m"
"MAXYSIZ8I. MAXVOL.TAOB' 2' Vpc,Vy== lOOS·> /OOOnm"
" NOT!!: thla 1. hafflhe lolaf scan ranse" "
'deOne MAXXSIZI! 1000.0

f' Sorne deOnl.lons: "
"Conslanls (or Qulpul"
'deOncMAXVOL.TAOO 120.0
'deOneOUTOAIN 15.0
"ne•• vafuel.ahs(MAXVOL.TAOl!fOUTOAIN) 'f
'deOne MAXVOI.TVA S.O

" (or scan SCIUp f'
.deOne MAXXPTS 1000
'denne MAXYPTS 1000
f' Neal value la ln unlls or pl"lsI. (IYpe Inl) 'f
.deOne MAXSCANRAT!! /00000.0

~



Jnl IbSetupScan{lnlaplr,
Inl yplS.
nO'I.-sile,
OOal ysll<.
Inl ScanType.
Inl R'lumType.
noallclruale);

InIIbSClupFJI(no.1 P, 00311. no.lll.
noat se'polnl,
no.1 rrcq,
noal senlellme);

nuai fbRamp(nual "le);
void IbDJaJOn(noat blas); " TUlns on Iunneling bl::r.s voilage (ch 4) "
void IbUl..Orr();
void 1b7..ro();
void IbMoveAwlY(),
void IbOOlo{Oual V,. nuai Vy. n011 Vl);
" nuai '1b(lnl 'SIII); "

ft

" RelumType deddes whclhtr lhe lb rourlnc Itlums lhe posilion InrO,m3Iion,
.. lhe enor lnronnarlon {eflol belwcen deslrcd stlroinl ond ocluallunncling
"cum:nl. DI bolh. {RIITI'OS, UU11!RR. or RlrrUol1l.

"
lnl relurnvll.l;

,elurnval =0;
Il «api' >= 0) && ('pli <= MAXXPTS»)
Scan.'lpoinls = 'lllls:

cise "Nol a valid value rur 'lpls "
,elumnl = ·1:

ir «ypl. >= 0) && (ypl. <= MAXVI'TS))
Scan.ypoinlS =ypu:

cise " nol a valid value ro, )'p1s "
Iclurnvnl :; ·2;

Ir «'lshe >'= 0-0) &&. (ulle <= MAXXSI7.H»
Scan,xsile ::; xsile;

che" nola valitJ value (or uile "
lelurnval =.]:

ft ScanType cIe..nnlnc. \Vhelhe, dala S10rcd 1. rrom ••In,l, polnl 0' 1.
ft an aVCIIle aluni !he ","h (ollowed by lhe "p. m!her SINOI.1l 0'
ft AVIlRAOPJ>TS.

InIIbSClupS,an(lnl.plS.
Inl ypl••
noal asile.
nOal ysl...
lnl ScanType.
Inl R'lumType.
noallcarualeH

" Inlflll.llscs lhe Scan slruclure.
ft

.1

.8

1-'

tI

" Relum values:
ft

ft

ft

ft

ft

ft

ft

ft

·1 apll nol vaUd.
·2 ypll nol valld.
.] aslu nol valid.
·4 y.l.. nol valld
·S scaruale nol vaUd
·6 mcmof)' ror Image slollge nollUocQlcd

ScanType nol valld
RelumType nol vaUd

jj

ir «y.ire >.0.0)&& (y.lre <= MAXVSIZll»)
Scan.)'sÎ1e ::: )'si1~:

e1se" nol n vaUd value IflI )'sile t,
lClurnval ::: ·4:

if«scalUl" >= 0.0) && (SCllU'le <= MAXSCANRA'lI!))
Scan laie::: sc.male;

~Ise" nol a vaUd value (or .uil.e "
felurnval = ·S;

Ir«(SCAnType == SINllUl). (ScanTypc ., AVI!RAlll!I'rS))
ScanScanT)'pe:; ScanT)'pe;

che'
Scan.ScanType::: SINGI.P.; ,t delaull il SINCJI.P. t,
lelurnv.1 = ·7;,

if «(RclumType==RIlTI~)S)• (RclumType==Rlm!RR)) "( IlcluIllType==RBlIIOTII))
Scan,RclumT)'pe = RelurnT)'pe:

"IC(
Scan.R'lumType =RllTrOS;



ti

dol
Vu=Vzlnc:
wrileda(ZDAC. Va):
readadO(&advalue):

Il (advalu. >= 0.0)
advalue = ·0.00001: "1V01d••dlng lhe lOS olneg numbor"

•+-=dell,
whll. (1 > .«ond()):

1whll. «I·log(.advalue) < (FB.selpolnl» && (.Va -: abs(MAXVOLTAOI'IOUTOAIN)·
5'abs(Vzlnc» ):

Il«·Va) > abs(MAXVOLTAOI'IOUTOAIN) ·5·abs(Vzlnc»
..Ium -10000.0:

cl..
retu," VZi

,.+-++........++++++++..-..++++++....++ fbZero ++»tH.H+-I-........++.....·,
void fbZero() 1
,. MoVOl IIp 10 a,y,a = 0,0,0"

fbOolo(O.O.O.O,O.Dl:
1

"++H-H-++H+t+tHH+Hf+tHH fbMoveAway H+++H-HH.+Ut...·,
void fbMovcAway() 1
,. WlIhdraw••he pie.. lube as laz as pos.lble lrom !he samplc.
•• and eenlers ft Il X:: O. y:: 0.,
noalVa, Vy:

..addacO(&Va): ,. use cumn.valu.. olx and y"
readdacl(&Vy): ,. jUil chang.lhe z value••,

lbOoIo(Va,Vy. MAXVOLTAOI'lOUTOAIN):
1

)'++++-++-H-+f+t 111111111111111 fbOolo ,

Iv

void lbOolo(no.1 Va, no•• Vy. nO'1 Vz) 1
,. Change. !he ourpul voilage. 10 Va,Vy,V.·,
" AClual plCl..o voilage will he:

OUTOAIN·(V. +Va)
OUTOAIN'(V•• Va)
OUTOAIN·(V. +Vy)
OUTOAIN·(V1.' Vy)

(voilages al DAC GulpUl'S plelO voilage1OurOAINJ.,
noal Il,12,13:
noal Il,s2,13:
Inl 1:
,. IlOlllme crillcal, dn over 100' (1IIreq) lime .Iep'

bic olherwlse. would have 1 large (umnl surge.,
readdac(XOAC. &rl)j/' Read currenl GutpUI values.•,
readdac(YDAC, &12):
readdac(ZDAC, &13);

51 =rt,s2::f2:s3=O,

10r(1 =0;1 < '00;1 H) 1
.1 += (Va· Il)/100.0;'' Chang. value. by 1l100lh or dlrl,rencc .,
.1 += (Vy. 12)/100.0:
Il += (V•• 13)/100.0;

If (ab.(. 1) > MAXVOLTDA) 1.1 =.lIabs(.I)·MAXVOLTDA: 1
If(abs(sl) >MAXVOLTDA) 1J2 = .Vab.(.2)·MAXVOLTlJA: ,
lf(abs('3) >MAXVOLTIJA) 1.3 =.lIabs(.3)'MAXVOJ.TIJA: 1

wrileda(XIJAC, .1):
wriledalYDAC, .2):
wrlled.(ZDAC••3):
1
l'··· ··· end or void fbgolo( ) ,

, rb(}otoXYsllrt ,
void fbOoloXy.lall(lnl 'SIal) 1
,. Sfalul:

refums 0 Ir everythlng Il ok. 71r v,. or Vy are oui ornnge..,
noal Vx. Vy. VZ;



li

rerumval = ·8;
1

S<an.Jmage = (Ooal ')malloc(apu'ypls'slzeof(Ooal)'«RolumType==RnmOTII)72:1)): "
aJloClle memory .,
'·CwJce as much memory is needcd Irholh POS and RRR values are rtlumed .,

If (S<an.Jmage = HULL)
relurnval =·6;

rtrum rclumval;

l" ond oflbSolupSoan"

, ••••• ••• 8 fbnJu Commands ,
yold IbDlasOn(Ooal blas) l" Tum on lhe lunnoling blas YOllage "
" Use ohannol 4 for blas yollage. "
wrilrda(VDJAS, blas):" sri TASCO <h3nnrl.VDJAS 10 blas yolls "
l" ond oflbDlasOn() "

yold IbDlasOffO (" Tums oflhe lunnoling blas yoll,ge"
,. Channcl4 is used ror blas voilage .,

wrilrd.(VDlAS, 0.0):" sel blas voilage 10 zero volIS. "
l" end oflbDlasOlfO "

, rbSelupFB ,
Inl IbSelupFD(Ooal P, Ooall, 0011 D,

Ooal selpolnl,
Ooal freq.
Ooalsrlliellme) 1

,. Serup alllhe requlred conslAnls ror lhe compulcriud
.. PID conllol of !he STM tunnrling...
.. Relums ·1 J(freq Is nolln <oneelr.nge (0·100000 Ill)

"Inl rerurnval:

relumvaJ =0;

" srlup pleccwlse Unear approa.lo 10glD"
14ble_e",.IrIMAX_PII!CB..NUM):" use mil. number ofplocc••1I0wod"

jji

FlI.P =P;
FIl.! =1:
FD.Il= D;
fll.serpalnl = log(selpolnl);/' log convc,lS rlOm curJ('nllo posilion .,

If «f,Cf) >= 0) && (f«q <= MAXFIIFREQ))
1~I.samplef«q = f«q:

else
rclumval =·1:

If (selliellme >= 0,0)
FO.sclllelime = sellierime;

cise
,elumval = ·1:

rtlum rclumval;
1

'·+·HHHHH f ff- IbRamp HfH Hf ·,
Ooal IbR.mp(Ooal ro'e) 1
,. IbRamp sla'ts al (urthesl potnland moves lowlUds lhe surface.
.. Ir lhe serpalnl (urrenlh reached, lhen fbRamp ,elums lhe
.. pel,o yollage al whlch lhe "'polnl was «oehed.
.. OlhefWhe, fbRamp reluml ·10000...
•• raie delem1ines (ln volls' second) lhe approach speed o(lhc lip
•• (wherc lhe volu spcclnes volls aceou lhe plezo lube)...
•• Approach sl:ull al whalever 'l.f.l values arc cumnll

"
n031 Vz;
noal Vzh\Cj
noal advaJue;
double l, dell:

,cadd1c2(&Vz); " rcad cumnl z voIlage .,
V,lne = ·OUTOAINlob'IOUTOAIN) , mie' FD.sampl,f«,,:
dell = (double)(I.M'IJ.samplef,Cf)):

1=second()+ 0.00001 j ,. wall ren mlcroseconds ror plelo to seille .,
whlle (1 > sccond());



'/

V,max =MAXVOLTAOPJOUTOAIN· «.bs(V.max) > obs(Vymax)) 1 V"nax:Vyrn.1I):

Vxine::: 2.0 ' Vxrnu {Scnn.xpofnls {(Fn.sampldn:q {Scan raie);
" x OUlpul voIlage Inclement '{

Vylnc =2.0 ' VymllJl/ Sean.ypolnlS 1(FO.somplel,C') 1Se.n.rale);
{' y oulpUI voilage Incremenl '{

" Ch:lnge scan mie sllghlly"
Scan.rale = fll.s:unplcfreqlfloor(Fn.samplefn:qlScan.rate +O.S);

{'so raie Is N'sampldrcq "
deil =1.~(FB mplcrrcq):

V.ma. =Se slzcJlJpcrVxlOUTOAINn.O;
Vymax =Sean.yslzcJlJpcrVyIOUTOAINn.O;

" Sclup malrlx uscd fo slorc alllhc aqulred dala: "
lm =Sean.lmage:

floal 'Imi
no.1 Il,12,gl,g2:
noal 0, bj" conSlanls u~cd (or lhe PI conlrol. "
nO:lI advaluc. selpl. eo. cl:
noal Pos. P.rr;
flooi ovcrfbpcrs:unplc;

II(V.nwc > MAXVOI.TAOO) '5"11= 0.0003:
Il (Vymax > MAXVOLTAOIl) 'S""=O.OOOS;
II(Vzmax> MAXVOLTAOP.) '51.11=0.0009:

II('Slai 1= 0) ..lUm lm:

Wildel DEOUOFB
prinIW\tlfalc::: %f dell ::: %f'". Scan raie, dei!);
prlnlr("lnV.lnc = Il>1 Vylnc = lU', Vainc, Vylnç):
prlnll("lnV.max =Il>rVymaa =Il>r, V.max, Vymaa);
'endif

bU 0 oui ohange .UIal1 = " during scan =0
1 Va oui 01 range
2 Vy ouI 01range
3 Vz ouI 01range

IbMoveAwIl'I);
Va =Sean.xsl7.eJ1)perVxIOUTOAINn.O:
Vy =Scan.yslzdDperVyIOUTOAINJ2.0:
..addacO(&'Vz):

Il «lbs(Va) < MAXVOLTOA) &.&. (lbs(Vy) < MAXVOLTDA)) (
lbOoCo(V., Vy, Vz):
1

cIse (
'S'all= 0'0007:
1

1

•• SlaIUS: SI.,US regls'er:............

"+·H-Ut+HHHtUH+H t. lb t-f++ ++ ,
n03"lb(lnt 'Stll) (
/,
•• runs lite reedb.ck loop.
.. uslng the panunele" denned ln lbSelupFB Ind lbSelupSean..
" RetumType: RUTPOS ...Iums lhe posilion only
.. RBTERR .rtlumSlheerroronly
•• RBTDOTIf .. relum bolh the (nor and the position...
.. S.mpleMelho<!: SINOW. sample only .1. single poln'
.. AVI!RAOEPTS • caeh dl'. polnllsspallalavcmge..
•• Seulenme: TJme (In seconds) (or controlloop 10 scille before da'als
.t laken..

~

double
Inl
Inl
Inl
noal
n03I

'f tO, tr, delli
l, J, k,lbpersample:
counle" xpolnlS, ypolnts;

SType, RType:
Vainc, Vylnc:
VI. VY, VI. Vxmax. Vymu. VUlWl:

" assume lhallip Il alrcady in slartlng x,y, posilion "
..addaçO(&'Va):
...ddacl(&'Vy):
..addae2(&'Vz):

Vxlnc =~Vxfnc:: {' 50 thaillp moves go away from slart polnl '{

V



s

Vylnc = •Vylnc:

se'p1 =FD.selpolnl:

" IleOno lb conslllnls: (ref. O",ell <1.1. Rev.ScUnslr. 64(7) pIS72·ISSZ
July 1993.

"• = FD.P +FIl.I:
b =·FIl.P +FD.J:

IIfderol!DUOFll
prinlf("Ina ='M b='M NO DP.RIVATIVO TP.RM·•••b):
prin.I{"\nSllltlns lb: se' poln' = '-'.... FIl.serpoln.):
lendl[

" numbe,oflb polnls pe' Imase point "
Ibpen.mple = (In'XFIl.•amplefreqlScanslle):
ovellbpe,samplo = l.lV(Ooal)lbpenample:

Po. = 0.0; Err = 0.0;" used fo, avenslns dal. "

xpolnlS =Scan.xpolnlsj" Co save lhe lime necckd 10 dere(ertnce. "
ypolnls =Scan.ypolnlS:

SType =Scan.ScanType:
RType =Scan.Re'umType:

eO= 0.0; el :: 0.0;/' definc Inllial elTOn "
fm(OJ =0.0; "define lhese now SO lhe)' llC loadcd Inlo proc. cache mcm."
1=0;
)=0:
k=O;
10=0.0;

1= sccond(>;
If =1+FD.seUleUme: " SJrrTUl TIMO fOR PID CONTROU.P.R "

do l" Seule lite (uback loop. No dala'aken ln 'hl. do 1J"
•+= deU: whlle (1 >.econd(»:

readadO(&advalue); " 1is proportlonal.o neg.live ofcuRtnl "
eO =lable_lookup(.advalue). se'p1:

vi

V1."= Il'cO +h'c);
cl =(0;
fmIO):: 0.0:" pul hue hic 1suspecllh31 olhcrwÎse Ihere are liming problcrm"

" wHh the second loop" .

1[ (.bl(VZ) < MAXVOI.TllA) 1wllred.Z(Vz); 1
chol

Vz = (Vz > 0.0) 7MAXVOLTllA: ·MAXVOLTDA; ".nriwlndup I<lml "
wriredaZ( Vz):,

1while (1 < IQ;

, NOW TAKB TIll! IMAORI! ,

" NOTE: im3gc polnls are slored in lhe arder the)' are laken .,
,. 10 vlew malril, cvery second fine muS! bc rconJcn:d .,

10::: 1; ,. tirne lhe oquhilion .,

(orij=O;j < ypolnls;j BJ f, VLOOP.. •• ..,
(or(I=O; 1< Jlpolnls; I-u) f , ·X LOOP ......,
I[(SType = SINOl.P.) 1
.wil,h (RType) 1
case RBTPOS; Imll + j'lpolnts) = Vz; ,. save a dala polnl"

hreak:
cne RBTERR: Im{l +j'JIlpolnts) = eO; ,. save erTOr"

break:
,a.. RllTnOTIl: ImlZ'U +j'.polnr.)) =VZ:,' polllion "

ImIZ'(1 +j'.polnlS).11 = '0;" eno,",
1

(or (k ::: O. k< lbrcnample: kt t) 1,······1'0 LOOP ••••,
"=d,II; while (1 >.econd()):

lead.dO(&.dv.luc);
eO = Iahle_lookup(.•dv.lue). selpl;

VIt= l'eo +b'cl:
el :::cO;

1f(.bl(VZ) < MAXVOI.IDA) 1wllr,d.Z(V.); 1
che l" VIls out or range .,
Vz= (Vz >0.0) 1MAXVOLTDA: ·MAXVOLTDA; "anllwlndup"



ta

wriledaZ( Va);
'Slat 1= OxOOO8:
1

Vx +::Vxlnc:
1f(1lb.(Va) < MAXVOLTOA) 1wrlledall(Va); ,
else (

Va =(Va> 0.0) 1 MAXVOLTOA : • MAXVOLTl>A:
wril.dall( Va );
'Slall= Ox0002;,

/' No ....d 10 upd"e Y benuse il has nol chang.d. '/

Fos f= Vl;
I!rr += CO;

.,..... RNOOPFB LOOp·.. ••.. ···,

" Save Ivtraged or nol avtngcd polnls "
Ir(ST)'J'C == AVERAOI!PTS) 1
.wilch (RTypc) 1
case RETPOS: Imll +j'apoln'" = Po.'oycrlbpersample:

break; " save average posillon "
case RETERR: Imll +j'apoln"l = I!rr'ov.rlbpenample;

break; "Javccnor"
case RBTDonl: Im/Z'(I +j'apolnl')) = Po.'oycrlbpcnample:

(mIZ'(1 +j'apolnls)"1 = l!rr'oYCr!bpersample;
1

1
Pos =O.Oj
I!n=O.Oj
1/' end or aloop '/

" Now move one y Une "

ror (k = 0: k < Ibpenample; k H) 1/' Znd F11I..OOP '/
1+= dell; whlle (1 > ",..ndOl:

r..d:ldO(&advalllC):
cO = lable_lookup(.advalllC)· "'Ipl;

Vl+=I'cO+b'el;
el=eO;
tr(ab.(Vz)< MAXVOLTOA) 'wrilcda2(Vz): 1
else (
Vz= (Vz >0.0) 1 MAXVOLTOA : ·MAXVOLTOA;/' anllwlndup '/

vII

wrilcdaZ( Vz);
'Sial 1= 0.0008:
1

Vy+= Vylnc:
Iflabs(Vy) <MAXVOLTOA) 1wriledal(Vy); 1
e1se'

Vy =(Vy >0.0) 1MAXVOLTOA : ·MAXVOLTOA:
wrilcdal(Vy):
•Sial 1= 0...0004:
1

1/' end orZnd FIILOOP '/

" Move bade 410ng JI: 10 allgn wilh 1:1.11 poinl .alten "
Vxlnc:: ·Vdnc:" ChJngc dirtellon or mOlion "
ror (k = 0: k < Ibpersample: k H) (/' 3n! FIILOOr '/

1t= deil; whlle (1 > .econdOl:

readadO(&advaloe);
cO = lablc_lookup(.advalue) ••<lpl:

Vz +:: a'cO .. b'el:
el =eO;
tr(ab.(Vz) < MAXVOLTOA) ( wrilcda2(Vz): )
e1se(
Vz= (Vz> 0.0) 1MAXVOLTOA: ·MAXVOLTOA:/' anliwindup '/
wrilcd.2( Va):
1

Vx +'= Vxlnc;
"(abs(Va) < MAXVOI.TIlA) 1wriled.O(Va); )
e1se(

Va =(Va> 0.0)1 MAXVOLTOA: ·MAXVOLTIlA;
wrifcdaO(Vx);
'SI.l'= 0.0002:,

" no necd 10 Updttle y bic ydoes nol change "
Pos f= Vz;
err +=cO;

1/' end or 3rd FllLOor '/

Ir «STypc=_AVflRAOEPTS)&&(l!=.poln".1 )&&O!=ypoin"·I») 1
.wllCh (RType) 1
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nanoslcd.h

Peler Madolen. April41h, 1994

nanoslcd,h

.ir lolefined(NANOSUlDlNCLUDHI»
'olefine NANOSUlDINCLUDI!D

"........
.. nanosled.h has .Ulhe (uncllon delinitlons (or operation
•• of the nanœlcd...
"
/t These Iwo defines arc usc:d 10 delermJne lhe dirtc:lion or
.. lhe Rlno.led. PLUSVIR uses posllive voilage pulses while
.. MINUSDIR uses nega'ive vol..ge pulses...
.. relums -llr dlreellon 1. nol PLOSDlR (=1) or
.. MINUSDIR (~I)..
"
'olefine PLUSDIR -1
.olefine MINUSDIR 1

" Mlxlmum OU1P1l1 raie = 1000001lr. "
'olefine MAXRArn 100000

Inl nan",elchannel(double '"le,lnl channelnum);
" 'nhlaUses laseo ehannello use and lhe I1le Il whlch lhe ou,,:UI
tt will be sent..
.. VaUd cbanne" are rrom 0 10 7
.. VaUd raies are rrom 0 10 100000 Il•..
.. RclUms 0 Irak. ·1 liche raie Il nol vaUd, and·2 ir lhe channells nol
"vaUd.

"
~ Roal'nanomovelnh(double .lepV.lze, double sleplllllC,lnl dircelion);

" Jnillallses the nanomovc roullnc. Once Ihis is callcd, all
't lhat necds 10 be donc il cali nanomovc()..
.. NOm: lhe IClual srep .Ize Jo olelernUnro by bolh pulse voilage
ft (increaslng pulse voilage incn:ases llep siu) and by lhe sleplime
.t (shalter siep limes will incrca.se the slcp sire· Ihis Il btcause Ihe
.. pulse Il shortcrand so the madmum momenluilIJthe counrcrwcight will
.. he hlgher: Ihus Imre il a larger momenlum ff3!".Srer 10 lhe slcd)...
.t rtlums a poinler 10 an lUTa)' Ihal hoMs the pulse OUlpUI V;3 the
.. TASCO. The poinler muU he passcd 10 nanomoyc...
"

void nanornovc();
" Moves lhe nanoslcd one slcp. Direclion. pulu: voilage, and llep
.t lime are ail delcrmined by nanomovcinil .
• t NOm: the 'clual sicp sb.e Il dclcrmincd hy balh pulse voilage
.t (Incrcasing pulse voll.ge increases sicp slze) and by lhe slcplime
.t (shoncr sicp limes will incrwe lhe Ilcp si7.e -Ihis is hecause lhe
.. pulse ls shaner and 10 lhe maximum morncnlUln oflhe counferwclghl will
tt be highcr; lhus thcre ls a lurger momcntum Iranifer 10 lhe slcd).

"
fendir



nanosled.c ..
• t Rclums 0 Ir ole, ·1 if the raie hi nol vaUd, and .2 if lhe dJ.mncl is nol
•• vaUd.

"
Inl relurny,,' ::; 0;

.. nanoslcd.c implcments lhe fURelions for operation
•• of lite nanoslcd...
"

"........
nanosled.c

l'eler Madden, AI'ril4th, 1994

Channel = .J;

if(("". >= 0) && ("". <= MAXRATml 1
Raie = 5'ale~,

cise f
Raie = MAXRATf!; "Uon" wanllhls undcfir.cd 50 sella MAXRATI!"
nlumval::; ·1;
1

~

'indudc ·'ulpelcrrrlvJ:VpelcrlN'anoSledlnanosltd,h­
linclode "'ulpel.nnluVpeler'ulfcn2.h"

linclude <.sldlo.h>

" Olobal variables (nolse.n oulSlde .hl. modul.) "
" Inillallsed values will g1ve "ro oulpullO fone "
" Ihe uscr 10 lofll.Use properly '1
double Vsllej
double Pulselimej
double Rait,
double DI"
Inl Channel:
long Inl NumoulPUlj
noal Pulse150000':

ldefine MAXVOLTAOR 120.0
ldefine OAIN 15.0

IInc/ode ",ulpe"nnluVpeler'second.•"

Inl nanoselchannel(doubl••ra".lnl channelnum) 1
" Inillall... lasco channel 10 u•• and lhe rale al whlch lhe OUlpul
•• wlll be senl•..
" Valld channel, arc from 0 10 7
.. Valld raies arc from 0 10 ooסס10 lb

if «ch:mnclnum >= 0) && (channclnum <= 1» 1
Channd ::; channdnum;,

cise (
Cl13nnel ::; .1;
rclUmval ::; 2;,

rttum re'urnval;
1

00:11 'nanomovcinll(double slepVslze, double Slcprime. inl dhcclion) (
" blriallSt's lhe "'"omove rouilne. Once Ihis Is called, 011
.. Ihal neetls 10 he done l, cali nanomoveU..
•• relum, a palnler 10 a Pulle. this polnler musi he p.usrd 10
•• nanomovcU...
•• n3nomovdnh Kls lhe values oflhrte global variables;
•• V.lze
.. PuISt'llme
•• Dir
.. Numoulpul

"
Inl relurnvaJ;
longlnll;
double 1,11,14,16, dell;



~

" Pulse 1.. Ic..t squ.... folio wdlod. (aIA2fbt'4WA6) "
doublc 1 a 6.389757782204;
doublcb= .21.084111130178:
doublc.a 106.01815S393218:

doublc Pulserreq:

re'urny•• :tI 0;

"«"cpVllzc >= 0.0) && (.lcpVsll~<= MAXVOI.TAOC) (
Vslze::l slepVslze/OAIN;/' max voilage output br DA "
1

e1se
V.lzcaO.O:

pursellmc = .lcpllmc;

Ir «dlrccllon = PLUSOIR). (dirccllon = MINUSDlR) (
Olr = (doublc)dlrccdon;
1

cise (
DI, = 0.0; " To Bluranle. that oulpul slay..' uru "

" oven "nanomoYe Is C41led"
reCurny.1 =- .. 1:
1

" lenerale pulse shape: "
" Pulle stupc Isslored ln mcmory and oufput when 8 slep is made .,
Numoulpu' a (lon8 InIXPulsellmc'Rale):

puls.rreq a 1.M'ulsellmc;
dell =J.000alcj

ro, (1 a 0; 1< Numou'puV2. 1: 1H) 1
12 =«doubleXI'I)'dell'dell'pulserreq'Pulserreq:
14 Cl t2 t l2j
16c 14'12:
Pulse(l) = (nollxv.IZC'OU'(I'12 +b'I4 +<'16. 1.0));
Pulse(Numoulput. 2 .1) = Puiselll:" Don'I qulle Wlnl ml,,", Ima8e "

,. rentel around mu .,

'2 =«doubleXlNumoulpuV2.1 )'(NumoulpuV2·1 ))) 'deI" deil'Pulse rrcq'PuIserroq;
14 =12"2;
16 = r4',2;
PulseINumoulpuV2·11 =(noaIXV'Ï7~'f)jr'(a"2 f b'I4 f "16. 1.0));

PulseINumou:put. Il = pulserOI;

Ir(rclumval == 0)
Rlum Pulse;

else'
rc'umNULL;
1

voId nanomovc() 1
" Moves lhe nanoslcd one siep. Dlreclion, pulse voilage. and llep
.. lime are ail delcrmincd br nanomovclnil.
•• NOTH: lhe letual slep sl7..e is delcrmlned br bOlh pulse vol13ge
•• (intradng pulse volrage increascstlcp siu) and br lhe slcpfimc
.. (shortcr Jlep limes will inercase lhe slcp siTe .. (hls ft bcc.u~e lhe
•• pulse 1. shortcr and so lhe madmum momenlum of the counlcrwdght will
•• he hlghcr; thui Ihcrc h a larger momcnlum 'rantrer 10 lhe sied).

"
" N.B. iryou wanllnlel1llpls orr: lum them orrberore ealling
•• lhls routine. Wllh the inlcrrupls orr. lhe slcp Sil..eJ will he
.. more uni(orml

"double delr,l;
inl J;

deI' = I.Mlale;

1= secondOj
ro,(I =0; 1<Numoulpul; IH)'
wrilcda(Chlnn<I, Puisellll;
If=dell;

ii
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table.c , ..
noal'able_log(Roal a)

NOTt!: ro, a < NOISB_LnVBL,labl._log() relumsI.OO_NOISE_LBVBI•. "
Js assumcd lhalany li: < NOISB_LBVEL il noisc and corresponds
10. very small signai.

, ..
labl•.•

Input: li:

OUlpUI:
. value for whlch 10 calculale function
.Iog(a)

Pel.' Madden, MIY Slh, I99S.

Crellet llookup loble Ihilis llIneor pl«ewl..
Ippmalmllion orllhe log runtllon over lhe rlnge
·16V 10 16V.

For nepllve vllu.. ond voloes 1... Ih.. NOISB_LnVBt,
lhe loble "'lums IOO...NOISBJJlVBL where nol.. level
Il chosen 10 be around or Jesslhan !.he noise leveJ
ln !he AD rOrlhe S<IIlnlng luoneling mlcros.oPY
a)'Slom. (seo run.Uon ~obl.Jog()l

..............,

. ,
n011 labl._log(Roal a) 1
fioat I~mp;

Ir (a> NOISE_LEVEL) 1
'emp = (Ro.')'og(a);
retumlemp:
1

n:lum IOO...NOISE_LBVEL;
1

, .
'nllable_crea'e('nl Num_pl....)

"'define PRIN1DEOUO l" Jnpul: Num_plues . number of plccewise segmenLs 10 use
• Max'mum Is 1024.

allll. nOit Slope(MAXYIECB...NUM);
.1111. noll InleteeJ>l(MAXYIECB...NUM!;
11111. nOit H.mbe,_oCp/m.;
.,.11. noal H.m_p....._dl._16:

IIndude <math.h>

'define NOISB_LnVBl
.denne IOO...NOISB_LnVBL
•denne MAX_PIECB...NUM

~

noal
Inl
nOIl

(0.0001)
(-4.0)
(16314)

IIbIeJog(n..,a):
Iable_creale('nl H.m..pf«et):
IableJookup(n"'I);

Dulput refums 0 if sUCUJruI. J olherwise..............,
Inl lable_creartelnl Num_pletes) (

Inl 1•
noal yl,y2;

Il (H.m_pl.... > MAX_P'ECB...NUM)
rtlum f; " Tao many pieus spcdfied "

NumbeLoCpieces 1: CfloaIlNum_piece.s;
N.m_p/ecea_dl._16 = H.mbe,_oCpf«es/16.0;

ro'li = 1; 1<= Humber_oCpl..." IH) 1
y2 = lable_log«(nnal)1 • 16.0/ (no.')N.mbe,_oCpl«e.);
yi = lable_logUnoSlXI.I) , 16.0/ (noSl)N.mbe,-oCpi«e.);



~

Slopell·1I =(y2. yi) 1(16.lV(Ooal)Numbe,_otpl,ces);
lnl'rttplfl-I) =. SlopelH, • (noal)1 • 16.0/(noal)Numbe,_otpj,...

.. yi,
IifPRINTDEDUO
prInlf("IW".4f ".4/1n", 1-1. Slopefl-II, Inlercepl/I·lll;
lendif

relumO;
1
, ..

Ooall.bleJookuplOoat a)

Inpul: a • wlll ..l.ul.le 108(a)

GUlpul: relums lhe plece-wlse Jlneu8pprollimalion or log(x)............,
Oo.llableJookuplOoal al 1
Inll:
lrea < NOISDJ.BVP.L)
..Ium LOO..NOISB_LBVEL;

1=(InIXa'Num_pleceJ_dlv_16);

..Ium (SlopellJ'a +lnlerttpl(lll:

li
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stmslm2.m DTunnel = 1:

filure(6);
mllgln(NOI•• IJOI.); .ubploIIZII); 1IIIe('Open 1.001'. no .ompensalol·);

NMeeh. /lMeeh.
NI)ielD,1>J1iclo
NTunneJ, DTunnel
NCurrcnlAmp,f>CurrcnlAmp
Nl'Il,lml

~ Now do open loop (rom lhe Inpul voilage lllhe picl.O lube
'lJ 10 lhe Qu'pul voll.ge (rom lhe CURtnl tmp.

NOl,:: conv(conv(NPielO, NTunnel), conv(NMcch. NCuncnfAlI1p»~
I>OL =conv(conv(f)I'iclo, '>Tunnel), conv(IJMcch.IJCUIrCIlIAlIlp));

'J, Sumrnlll)' or TI:":
" 1) Meehanloal:
"" 2) Plezo:
lJ, J) Tunnel Junctlon:
"4) Curreul Ampllfio/:
"5) Computer reedb.<k:

"4) Currenl amplifier
'J, Nole Ihal sincc the logarilhm Is KluAII)' laken .recr Ihe currenl
'" amplifier,lhe gain of Ihe cuuenl amplifier 'colly only odds
'" a J>C Itlm 10 the lIansfer funclion (log 10"8 = 8 log 10)
'" 50 wc can 'gnore Ihls nc leno...
CAn,pDW = 2000; "IIerlz
NCunenlAlnp = li '" Volts 1Amp
DeunenlAmp = '1/(2'pl'CAmpDW) 1); "'ow pall roIler.

filure(I);
Itbode(NPle.., /lPle..);sul'plol(211); 1lllo('Ple.. Tube'):
"filure(Z);
'l-bode(NTunuel, JYTunuel)~ubplol(211); lillo(Tunuelluncllon');
"fiIUle(3);
Itbode(NCurrenIAmp.IICunonIAmp),ubploIIZI1); Ijll.('Curroul Amp');
'hfiBUle(4);
bodelNl'Il, DI'Il); .ubplol(ZII); lilloI'P",Jhack');
figure(5);
bodelNMeeh, /lMeeh); .ubploIIZII); lille('Meebankal TI');

~ 5) Compulc:r (c:cdbKk
" lb =l'et Il. 1... Ile
/l=0;
P=O.OI:
1=0.001 '40000;
NAt = (1) Il IJ; '.tJ num = 1"21> • si' • 1
/ll'II = (1 01; " den = Il.

"Slmulallon ofsm wllh f",lha<k.

"" Peler Madden, lune 51h, 1996.
"Iey. lune 7th

"
" lune 5:
"Thl. model'. for lhe Zdlreel'on onlyal lhe mornenl
'" and won'. (nlll.lI)' Incorporalc lhe mechanlcal
'" dynamlcs beuuse lhe IllIgnlludc ollhe coup"ng il difficult
'" 10 Iluge (le. how much dots the aelu.lol couple Inlo Ihe
" meel.anl.m?).

"" lune 7: Added rne.hanl.aI transfer funellon.

"~TIlCre IIC nve major componenls 10 lhe sm:
'" 1) mcch.nlcil.
" 2) p'".o lube
"3) lunuelluljun.llon
"4) ,ulrenlampllfier
"5) .ompuler feedba.k.

" 1) Meehankal dynamles:
wrncch = 650'2'pI; '" resonanl lrequcney
el.medl = O.Si '" damplng
NMeeh= 1:
DMeeh = (lIwmee/oA2 2'elameeWwrne.h Il:

" 2) Pie.. lube:
IIVaaln = 2:
NPle.. = IIVaaln '(5.3e·91; "pln 'n ml Voll from .ompuler
IIPle.. =11/(2''''4000) Il: "limlled bylaleral rnonance al -4 kllz

"(Ionl. (z) re.l. al -50 kllz bullhere il"crOl. "'Uplinl.)

" 3) lunnelinl jun,lIon (po.i1'on 10 ,ulrenl. Nol. Ibal
" lhe IUlarilbm ofIl...ucrenl1. Id,n here bef... lhe <unonl
" amplifier ln older 10 mü.1bc anaIy." .lmpl.". A•• telull,
" lhe model of lhe junellon here hu ,ulrenl dependlnl Iinellly
"on Ibc pp).
Kappa =2.B"9; " BI" - one older of malnllude dllnle per101.lrom
NTunnelll klppl:...

~
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