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Abstract

In this project ”Online Control of Scanning Probe Microscopes with Pixel
Accuracy”, the development of an algorithm is described that enhances
the measurement uncertainty of software controlled SPM by one order of
magnitude from 2% to 0.2%. The SPM is globally used as a metrological
instrument for dimensional and length measurements. The sample surfaces
are scanned 3-dimensionally, typically within the ranges up to 150 pm x 150
pm x 6 pm. This is done by moving a sharp tip systematically across the
sample while simultaneously recording the height of the tip. Typically, the
tip has a radius of curvature of 10 nm and an opening angle of 30.0°. Even
atomic resolution can be achieved. The scan movement of the tip is not
linear however. This is caused by the propelling device of the SPM for the
scan motion - a piezoelectric ceramic. The two major non-linear responses
of the piezo to the applied control voltage are rate-independent hysteresis
between the scanner’s position and the voltage and time-dependent creep
of the ceramic. Hysteresis leads to a non-linear mapping of distances while
creep changes the actual sensitivity of the ceramic. The non-linearity of
a hysteresis loop is in the order of 2-20% depending on the piezo material
used and the scan range. The change in sensitivity is up to 20% as well,
depending on the scan frequency. Current software controlled SPM are
equipped with an algorithm that changes the shape of the control voltage
online in a way to produce a linear piezo movement. The algorithm typically
contains 5 - 7 parameters which have to be calibrated manually. Still, non-
linear errors remain in the order of 1-2%. One pixel in a 512x512 image
corresponds to 0.2% per direction. This goal of measurement accuracy is
reached with the algorithm developed in this thesis.

Three different SPM are analyzed for their non-linearity. Two commercial
tube scanners are applied with a maximum scan range in x and y of 40.0
pm and 160.0 um as well as one specially designed stack scanner with a
maximum range of 5.0 um. For the tube scanners, a 1-dimensional line
pattern with a reference period of 3.0 pm and a 2-dimensional grating with
a reference pitch distance of 200.0 nm are applied as length standards.
The non-linearity of the scanner is then traceable to the distances on the
samples. The stack scanner is equipped with capacitive sensors that mea-
sure the position of the scanner during the scan process. The signal of the
sensors can be used as closed loop feedback signal.

At first a model is set up to describe the measured hysteresis. An ordinary



linear differential equation proves to yield the desired accuracy of 0.2%
when simulating the measured hysteresis. This is done with 5 model pa-
rameters and verified for 99% of the scan range of the SPM. In addition to
this, the model is not restricted to a periodic scan movement in the lateral
plane as most online models are. It is flexible enough to even describe the
random rate-independent movement in the z-direction. After simulating
the hysteresis, the model is enhanced in order to describe time-dependent
creep during the scan motion. The new model contains 7 parameters and
yields the desired accuracy of 0.2% for a large choice of scan ranges and
scan frequencies. The parameters are determined in a numerically optimum
way by using a least-squares-fitting technique.

After having successfully simulated the measured non-linearities, the model
is inverted in order to form an algorithm for online correction during the
scan process. Also the online algorithm is tested on two different scanners.
The residual non-linearity of online corrected images is in the order of
0.2 % for both scanners: The error in length changes between £1% from
experiment to experiment. Within one experiment however, the variation
of the errors is 0.3%. Therefore it is concluded that the online algorithm
is stable within the set goal of 0.2% measuring uncertainty, but the piezo
changes arbitrarily in the its sensitivity.

Further results of this thesis include the simulation of transient hysteresis
as occurs at a change of scan conditions. This is also applied to the z-
direction. Here an overshoot at a large step is qualitatively simulated and
explained by hysteretic behaviour.



Resumé (in Danish)

I dette projekt ”Online kontrol af skanderende probe mikroskoper (engelsk:
scanning probe microscopes (SPM)” beskrives udviklingen af en algoritme
som forbedrer méaleussikerheden af software kontrollerede SPM med en stgr-
relsesorden fra 2% til 0,2 %. SPMer bruges globalt som et metrologisk
instrument til dimension og leengde malinger. Prgvens overflade skannes
3-dimensionelt , typisk indenfor et omrade pa 150 ym x 150 pm x 6 pm.
Dette ggres ved at bevaege en skarp spids systematisk over prgven samtidig
med at hgjde af spidsen optages. Typisk har spidsen en krumningsra-
dius pa4 10 nm og en abningsvinkel pa 30°. Selv atomar oplgsning kan
opnas. Dog er den skanderende beveegelse af spidsen ikke linezr. Dette
forarsages af den drivende anordning for SPMer til skannebevaegelsen - en
piezoelektrisk keramik. De to stgrste ikke linesere responser af piezoen til
den patrykte speending er tidsuafhaengig hysterese og kryb af keramikken.
Hysterese fgrer til en ikke linezer afbildning af afstande medens kryb sndre
den aktuelle fglsomhed af keramikken. Ulineariteten af en hysterese loop
er i storrelsesordenen 2-20 % afhaengig af piezomaterialet der er brugt og
skanneomradet. Ligeledes er sendringen i fglsomhed op til 20%, afhengig
af skannefrekvensen. I gjeblikket er software kontrollerede SPMer udstyret
med en algoritme som styrer formen af kontrolspsendingen pé en made
saledes at en lineser piezobevaegelse produceres. Algoritmen indeholder
typisk 5-7 parametre som skal kalibreres manuelt. P& trods af dette for-
bliver ulineariteten af stgrrelsesordenen 1-2%. En pixel i et 512 x 512
billede svarer til 0,2% per retning. Dette mal for malengjagtigheden opnés
ved algoritmen udviklet i denne afhandling.

Tre forskellige SPMer er analyseret for deres ulinearitet. To kommercielle
rgr skannere er anvendt med et maksimalt skanneomrade i x og y pa 40,0 um
og 160,0 um savel som et specielt designet stak skanner med et maksimalt
skanneomrade pa 5,0 ym. For rgrskannerne anvendes som leengdenormaler
et 1-dimensionalt liniemgnster med en referencelaengde pa 3,0 pm og et
2-dimensionelt gitter med en referencelaeengde pa 200 nm. Ulineariteten af
skanneren er saledes sporbar til afstandene pé prgven. Stakskanneren er
udstyret med kapacitive sensorer som udmaéler positionen af skanneren un-
der skanningen. Signalet fra sensorerne kan bruges som signaler til et lukket
tilbagekoblingskredslgb. Fgrst seettes en model op til at beskrive den malte
hysterese. En ordinger lineser differentialligning viser sig at give den gnskede
ngjagtighed pa 0,2% nar den maélte hysterese simuleres. Dette ggres med



fem model parametre og er verificeret for 99% af skanneomradet for SP-
Met. Oven i dette er modellen ikke begraenset til en periodisk skandende
bevagelse i det laterale plan som de flest onlinemodeller er. Den er fleksibel
nok til at beskrive tids uatheengigt den tilfeeldige beveegelse i z-retningen.
Efter simuleringen af hysteresen, forbedres modellen for ogsa at beskrive
den tidsafhaengige kryb under skannebevaegelsen. Den nye model inde-
holder syv parametre og giver den gnskede usikkerhed pa 0,2% for et stort
udvalg af skanneomrader og skannefrekvenser. Parametrene er bestemt pé
en numerisk optimal made ved at bruge mindste kvadraters metode.

Efter succesfuldt at have simuleret den malte ulinearitet, inverteres mod-
ellen for at forme en algoritme til on-line korrektion under skanneprocessen.
Ogsa on-line algoritmen testes pa to forskellige skannere. Den tilbageblevne
ulinearitet af on-line korrigerede billeder er af stgrrelsesordenen 0,2% for
begge skannere. Fejlen i laengde variere indenfor +£1% fra eksperiment til
eksperiment. Indenfor et eksperiment er variationen 0,3 %. Derfor kon-
kluderes at on-line algoritmen er stabil indenfor det satte mal pa 0,2%
maleusikkerhed, men at piezoens folsomheden sndres tilfzeldigt.

Andre resultater i denne afhandling inkluderer simuleringen af transient
hysterese som forekommer ved en eendring af skannebetingelser. Dette er
ogsa anvendt pa z-retningen. Et overshoot ved store step kan kvalitativt
simuleres og forklares ved hysteretisk opferelse.
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Figure 1: "The Devil’'s Fork”. An optical illusion set into the world of
technical design [1]. Artist unknown. Although this sketch is complete with
length declarations and tolerances for all 3 dimensions, the manufacturing
might take a while.

The visual sense is generally the most used sense of a human being. In our
times of informational abundance, we constantly struggle to select valuable
information from that which is to be dumped. It starts in the morning
when a look at the noisy alarm clock reminds us panicky to get up and
going. While being stuck in the daily traffic to work, at work, after work
at times of leisure, it is always the visual impressions that mostly influence
our actions. Computer screens flash rapidly of constantly changing presen-
tations on more or less reliable web pages. The expression "WYSIWYG”
- What You See Is What You Get - has reached the state of a well-known
standard for word processing software - rising from the linguistic level of
pure advertisement to the absolute minimum of necessary features of the
software. The danger about the sheer amount of visual information we
receive today lies within the selection process we must undertake. Useless
and valuable impression are to be separated from each other, often within
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the wink of an eyelid. We tend to rather trust the information which is
supported by numbers. Numerical values are absolute, they leave no mar-
gin for interpretations. While you can argue whether one apple looks more
delicious than others, its weight and thus its price is fixed. ”Surely there
must be truth in it when the information is supported by lots of num-
bers” is the common denominator of superficial criticism. Numbers rely
to mathematics and engineers, "these guys are educated and know what
they are doing.”. The power of numbers is even exploited by the adver-
tisement industry. Commercials underpin the quality of the products by
quickly scrolling columns of numbers in the background or by colorfully
plotting lines in checkered diagrams. These examples out of the common
life demonstrate the simplicity to deceive and camouflage facts as well as
the credulity of the observer.

On an other intellectual level, but spiked with the same superstition, is
the attitude of the common user of commercially available scientific instru-
ments, such as the Scanning Probe Microscope. The points of view can vary
from the ignorant "I gave several thousands of dollars for this instrument,
so it measures correctly.” via the uncritical ”I know there’s an slight error
in the dimensions, but as an approximate estimate the image suffices.” to
the expert ”It says 30.0 pm on the screen, but I know it’s only accurate
within £0.3 pum in reality.”. Although the SPM is a highly advanced and
sophisticated instrument, a critical eye is to be thrown on all experimental
results. Typically, according to the manufacturers, the remaining measur-
ing error along the two lateral axis is within 1-2%. This corresponds to 5
to 10 pixels for each axis in a common image of 512x512 pixel.

In order to optimize the performance of software-controlled SPM, I take a
closer look on the measurement error of piezo-driven SPM. This disserta-
tion presents an algorithm that reduces the error during the scan process
to the order of the smallest visually observable unit: 1 pixel. The SPM
shall thus become more accurate just by replacing the existing software
control. Additionally, the calibration procedure, often dependent on sub-
jective manual adjustments of the user, is facilitated and optimized.All this
shall relieve the user from speculating too much over what is displayed on
the screen.

Kai Dirscherl, Lyngby, 1st of August 2000
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Chapter 1

Introduction

In 1981 Binnig and Rohrer from IBM developed a new way of imaging
surfaces at atomic resolution, the Scanning Tunneling Microscope STM
[2]. Their invention was rewarded with the Nobel-price in 1986. Within the
past 20 years, this imaging tool has undergone a huge developmental leap
from scientific education and research laboratories to a whole new branch of
industry. The SPM is applied as a metrological instrument for measurement
for dimensions in the micrometer and nanometer range [3]. Today, the STM
is not only commercially manufactured and available at a global scale, but
has also initiated further new techniques of imaging. The STM nowadays
represents only one member of the still growing family of Scanning Probe
Microscopes SPM. Among the representatives of SPM is the widely spread
Atomic Force Microscope AFM [4], the Magnetic Force Microscope MFM
and the Electric Force Microscope EFM [5]. These techniques allow the
study of the sample’s topography, that is the height distribution of the
surface, as well as other surface properties, such as electrostatic or magnetic
features. As various as the probing principles can be, all SPM share the
same engine to realize the periodic scan movement: a piezo crystal. By
applying an oscillating control voltage to the piezo crystal, the scanner
moves in a criss-cross motion to sample the surface. The physical driving
power for this rests within the remanent polarization of the piezo crystal.
It also provides the scanner with the necessary resolution in length. One
pixel of a scanned image at atomic resolution represents typically a spot
with a width at sub-angstréom range.
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Chapter 1 introduces the working principle of an SPM. A closer look is
taken upon the piezo crystal, because as the propelling engine it represents
a vital part of any scanning probe microscope. The drawbacks are discussed
when applying a piezo crystal within an SPM. The non-linearities as intro-
duced by the piezo can be split up into to major parts: those non-linearities
that are time-dependent and those that are not. To the later group, the
largest contribution is given by hysteresis. Time-dependent non-linearities
are often referred to as ”creep”. Although these disadvantages are already
compensated for by the manufacturers of SPM to a certain extend, they still
represent a source of measuring uncertainty. Finally, this chapter concludes
by stating the goals of this Ph.D. research project.

Chapter 2 takes a closer look onto hysteresis. Models are described and
their applicability to this project is discussed.

Chapter 3 deals with time-dependent relaxation during the scan process.
This creep acts superimposed on the hysteresis and influences the shape
of the loop. In which way these two phenomena can be separated, and to
what level of accuracy, is part of this section.

Then in the following chapter 4 the results of 2 and 3 are combined when
describing the control algorithm in order to reduce the measurement error
of an SPM to the level of a pixel. The online algorithm is derived and
experimentally tested.

Chapter 5 mentions further results of the hysteresis model of chapter 2.
Features in the scanned image that have recently pointed only towards
time-dependent creep also contain time-independent aspects.

Chapter 6 summarizes the research and concludes.

This dissertation ends with an appendix, a glossary and the bibliography.

1.1 Scanning Probe Microscopes

All SPM share the same basic operating principle. The surface to be imaged
is probed by a sharp tip, fig. 1.1. The tip’s typical radius of curvature is
approximately 10.0 nm, while the typical opening angle is about 30.0 °.
The tip is moved in the same zig-zag scan motion over the surface as known
from the electron-ray of a TV-set when creating an image on the screen.
This scan motion of the tip produces a topographic image by recording
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Figure 1.1: Detecting the position of the cantilever. A laser beam
bounces off the back of the cantilever onto a position-sensitive photode-
tector (PSPD). As the cantilever bends, the position of the laser beam on
the detector shifts.

the tip position and its height deflection. SPM operate typically in the
micrometer to nanometer range. An upper limit of the scan range can be
stated as 150.0 pm x 150.0 pm x 6.0 pm for the axes x,y and z. Typically
an image consisting of 512x512 pixels is sampled. The resolution depends
on the scan range chosen and can be down to 0.1 nm. Yet it is not only the
distribution of height over the sample surface that can be recorded. Several
different physical characteristics of the sample can be explored depending
on the nature of the probing tip and its interaction with the surface. A
more detailed insight in different scanning techniques is discussed in the
following.
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AL

Polarization

Figure 1.2: A piezo stack is composed of piezoelectric discs with alternating
polarization. The electrodes set in between the discs are connected as
shown. An applied voltage thus can prolong the length L of the stack by
AL.

1.1.1 Working principle

The type of SPM used for this project are commercial AFM. A brief in-
troduction to the working principle is presented in [6]. Figure 1.1 shows
the principal setup of an AFM. The probing tip sits at the end of a can-
tilever. Focused on the cantilever is a laser beam. From there the laser
is reflected to the centre of a two- or four-segmented photodiode. A de-
flection of the cantilever then results in a displaced reflection of the laser.
The signal from the photodiode typically is applied as a feedback signal. It
indicates the deflection of the cantilever. Thus it can be applied to control
the contact between tip and sample during the process of scanning. Fither
the cantilever or the sample is fixed while the other is mounted on a drive
of piezoelectric crystal. The piezo drive is responsible for both the scan
motion in the lateral x/y-direction and the feedback response for the tip
in the z-direction. Two arrangements of piezo material are most common
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for the piezo drive. The first uses three piezo stacks, fig. 1.2, which are
aligned perpendicular to each other. Thus each euclidean direction x,y,z
is controlled by a single independent piezo stack. The other arrangement
consists of a hollow cylindrical tube with four outer and one inner elec-
trode, figure 1.3. Here each pair of opposing electrodes creates a bending
movement of the tube in either x or y. By biasing all electrodes with the
same voltage, the tube extends and thus moves in z. The movement in z is
crucial since it is responsible for keeping the tip and the sample in contact
during the scan.

There are several interaction modes between tip and sample by which the
microscope can trace the sample surface. They take advantage of different
forces as tip and sample approach, fig. 1.4. As the tip and the sample
are gradually brought together, they first weakly attract each other due
to van der Waals forces. This attraction increases until the atoms are so
close together that their electron clouds begin to repel each other electro-
statically. This electrostatic repulsion progressively weakens the attractive
force as the interatomic separation continues to decrease. The force goes to
zero when the distance between the atoms reaches a couple of angstréms,
about the length of a chemical bond. When the total force becomes positive
(repulsive), the atoms are in contact. This is where an SPM operates in
”contact mode”. The scanning tip touches the sample surface. The contact
force is typically set to 10~7N. This is non-destructive for most combina-
tions of tip and sample material. The tip is kept in contact with the sample
by a feedback circuit. When a deflection of the cantilever occurs, say the
tip moves up a slope and the cantilever is forced upwards, the feedback
controller recognizes this by a change in the laser reflection and sends a
signal to the piezo drive, fig. 1.1. Now the sample is moved in the opposite
direction of the tip-deflection in order to keep the contact force constant.
The record of the feedback signal during the complete scan process is then
used to map the sample’s height distribution. Although the contact force is
non-destructive on solid material, fine tissue or soft materials like a polymer
would be damaged if not destroyed.

Other ways of tip-sample interaction avoid this disadvantage. The free can-
tilever can be excited to oscillate close to its resonance frequency, typically
about 100.0-500.0 kHz. When now approaching the sample surface the
amplitude of the oscillation, typically a few nanometer, is affected by the
forces between the approaching tip and the sample. By using the amplitude
of the oscillation as feedback signal and keeping it at a constant level, the
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Figure 1.3: A tube made of piezoelectric material is divided into four seg-
ments. By biasing opposing electrodes with opposite voltages, a bending
moment of the tube is created. The resulting ”dogtail” movements can be
utilized for motions in the x or y direction.
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Figure 1.4: The dependence of the van der Waals force upon the distance
between the tip and the sample. In the contact regime, the cantilever is held
less than a few nanometers from the sample surface, and the interatomic
force between the cantilever and the sample is repulsive. In the non-contact
regime, the cantilever is held on the order of a few nanometers from the
sample surface, and the interatomic force between the cantilever and sample
is attractive.
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Figure 1.5: A home-made STM. In the centre of the photo the piezo tube
is visible. The soldering of control wires to two piezo segments can be seen.
The tip is attached to the right of the tube, hovering next to the sample
surface to be scanned.

sample can be scanned with intermittent contact or no contact at all, fig.
1.4. These vibrating scan modes also lead to a new branch of SPM. Phase
detection microscopy PDM - also referred to as phase imaging - is another
technique that can be used to map variations in surface properties such as
elasticity, adhesion, and friction. Phase detection refers to the monitoring
of the phase lag between the signal that drives the cantilever to oscillate
and the cantilever oscillation output signal. Now it is not only possible to
map the height distribution but also to gain data about additional physical
properties simultaneously.

Other scan techniques equip the cantilever with a tip that is sensitive to
different forces such as magnetic, electrostatic, capacitive or material prop-
erties like thermal conductivity. In the original STM [2], the feedback
signal is provided by the tunnel current between the tip and the sample. A
disadvantage of this techniques is that electric conductivity is required for
both the tip and the sample. A homemade STM [7] is shown in figure 1.5.
However different the tip-sample interactions may be, there is one device
almost all SPM share. That is the piezo drive that propels the sample or
the tip during the scan process. Alas the piezo crystal possesses properties
that need further consideration when analyzing SPM images. A closer look
upon piezoelectric ceramics is done later in this paper.
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| DualScope || Nanoscope II1 || "The Stage” |
DME A/S Digital Instruments || Technical University Delft
medium tube, 4 cm || long tube, 8 cm short stack, 3 cm
soft piezo soft piezo hard piezo

max.range 40.0 pm
freq. 0.1 - 2.0 Hz
max +230 V
software controlled
length standard

max.rangel60.0 pm
freq. 0.1 - 2.0 Hz
max £220 V
software controlled
length standard

max.range 5.0 ym
freq. 0.1 - 5.0 Hz
max +175 V
hardware feedback
capacitive sensors

see chapter 3. & 4.

see chapter 2. & 3.

see chapter 3. & 4.

Table 1.1: Specifications of applied SPM. From top to bottom the instru-
ment’s name, manufacturer, piezo geometry, piezo material, maximum scan
range, typical range of scan frequencies, maximum voltage range, online
control mechanism, traceability and occurance within this thesis are listed.

1.1.2 SPM used

The measurements described in this thesis have been executed on three
different scanners. Two of them are commercially available tube scanners

[8], [9], one is a specially designed stack scanner [10].

Table 1.1 sums

up relevant data of the instruments. From top to bottom the instrument’s
name, manufacturer, piezo geometry, piezo material, maximum scan range,
typical range of scan frequencies, maximum voltage range, online control
mechanism, traceability and occurance are listed.

In the following, the instruments are referred to by their piezo geometry.
The medium tube scanner therefore stands for the DualScope. Both tube
scanners are equipped with a software online correction algorithm that
changes the voltage signal sent to the piezo in order to obtain a linear scan
movement. The length traceability is done with length standards. These
are sample surfaces with a systematic pattern such as a line period or a
2-dimensional grating. The short stack scanner is equipped with capacity
sensors that directly measure the elongation of the piezo ceramic.
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1.2 Piezoelectricity

The word " piezo” is derived from the Greek word for pressure. A brief in-
troduction to piezoelectric material can be found in [11]. In 1880, Jacques
and Pierre Curie discovered that pressure applied to a quartz crystal cre-
ates an electrical charge in the crystal; they called this phenomenon the
piezo effect. Later they also verified that an electrical field applied to the
crystal would lead to a deformation of the material. This effect is referred
to as the inverse piezo effect. After the discovery it took several decades
to utilize the piezoelectric phenomenon. The first commercial applications
were ultrasonic submarine detectors developed during World War I and in
the 1940s scientists discovered that barium titanate ceramics could be made
piezoelectric in an electric field. The piezoelectric effect is often encountered
in daily life. For example, in small butane cigarette or gas grill lighters,
a lever applies pressure to a piezoelectric crystal creating an electric field
strong enough to produce a spark to ignite the gas. Furthermore, alarm
clocks often use a piezoelectric element. When AC voltage is applied, the
piezoelectric material moves at the frequency of the applied voltage and the
resulting sound is loud enough to wake even the strongest sleeper. As stated
above, piezoelectric materials can be used to convert electrical energy into
mechanical energy and vice versa. For nano-positioning, the precise motion
which results when an electric field is applied to a piezoelectric material
is of great value. Actuators using this effect first became available around
20 years ago and have changed the world of precision positioning. In an
SPM, the inverse piezoelectric effect is used, where an applied electric field
introduces mechanical strain to the crystal. As a result, the piezo deforms
and can thus move an attached sample or probing tip. Since the piezo effect
exhibited by natural materials such as quartz, tourmaline, Rochelle salt,
etc. is very small, polycrystalline ferroelectric ceramic materials such as
BaTiO3 and Lead Zirconate Titanate (PZT) have been developed with im-
proved properties. Ferroelectric ceramics become piezoelectric when poled.
PZT ceramics are available in many variations and are still the most widely
used materials for actuator or sensor applications today. PZT crystallites
are centro-symmetric cubic (isotropic) before poling and after poling exhibit
tetragonal symmetry (anisotropic structure) below the Curie temperature,
fig. 1.6. Above this temperature they lose the piezoelectric properties.

Charge separation between the positive and negative ions is the reason
for electric dipole behavior. Groups of dipoles with parallel orientation
are called Weiss domains. The Weiss domains are randomly oriented in



1.2 Piezoelectricity 25

(1)
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o Ti, Zr

Figure 1.6: Piezoelectric elementary cell; Charge seperation when applying
an strong electric field to the piezo above the Curie temperature. (1) before
poling (2) after poling.
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Figure 1.7: Orientation of dipols within the piezo material. (1) before, (2)
during and (3) after poling the piezoelectric ceramic.

the raw PZT material, before the poling treatment has been finished. For
this purpose an electric field (> 2000 V/mm) is applied to the heated
piezo ceramics. The temperature where the piezo loses its polarity and
can be affected by an outer electric field is called the Curie temperature.
It is typically in the order of 200° C. With the field applied, the material
expands along the axis of the field and contracts perpendicular to that axis.
The electric dipoles align and roughly stay in alignment upon cooling, fig.
1.7. The material now has a remanent polarization which nevertheless can
be degraded by exceeding the mechanical, thermal and electrical limits of
the material. As a result, there is a distortion that causes growth in the
dimensions aligned with the field and a contraction along the axes normal to
the electric field. When an electric voltage is applied to a poled piezoelectric
material, the Weiss domains increase their alignment proportional to the
voltage. The result is a change of the dimensions - expansion or contraction
- of the PZT material.
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1.3 Goals of this work versus State-of-the-
Art

Two main errors when imaging the lateral plane can be noted when using a
piezo driven scanning probe microscope. First, the images obtained are not
linear due to hysteresis. The ratio of two measured distances in the image
does not correspond to the true ratio on the sample surface. Uncorrected,
this can lead to measurement errors of 2% up to 20%, figure 1.8 and [12]. In
addition, hysteresis can be the cause for further nonlinear behaviour, for in-
stance when scan conditions such as the scan offset are changed. Secondly,
the actual length scale of an image is not equal to what is really measured.
This is due to insufficiently calibrated correction parameters that control
the amplitude of the control voltage. All in all, the non-linear behaviour of
the piezo aggravates the accurate measurement of the sample’s dimensions.
On top of the rate-independent effects, piezo materials also creep in time
and thus give rise to a time-dependent relaxation. These non-linearities
superimpose and by doing so it is even more difficult to compensate for
them. Manufacturers of SPM are well aware of the drawbacks when using
a piezo ceramic as the propelling element of the scanner. All SPM con-
tain a software controlled correction algorithm which changes the voltage
signal that is sent to the piezo. The algorithms for hysteresis can be of
various style. Polynomial approximations [13][14], exponential models [9]
or trigonometric parametrization [15] are mostly used. In the order of 3 to
6 parameters are used for these hysteresis model. Typically they can only
be used for the periodic scan movement in the lateral plane. An applica-
tion for the z-direction is not possible. The typical relative measurement
uncertainty after online correction is depending on the scan range. Resid-
ual non-linearities within 1-2% are typically claimed of SPM manufacturers
for these software algorithms. The trigonometric parameterization yields
errors between 1.5% and 6% [15]. Typically, this corresponds to an aver-
age misplacement within 5 to 30 pixel per line in a 512x512 image. The
measurement error increases with increasing scan range. So the software
model becomes less accurate for large hysteresis loops.

There are SPM commercially available that equip the piezo with hardware
distance sensors, such as capacitors, which can reduce the error of linearity
to a sub-pixel level of 0.06% [16]. These instruments are very expensive and
thus only affordable for users with high-end needs and the necessary eco-
nomic resources. However, atomic resolutions are also hampered because
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Residuals of different hysteresis model

37 37
7% ....2.77lllllll... 0,90/0 21
[ L L]
"L 1 . - 1 4
-.. n - EigEgpEgEmEEEES mEEEEEE RS g gy
} } } 6 } } { e e T E
- . h4 soct
457,10 5 40 5 107 15 15,,:10,006**30 5 10 15
0’ ..
0.” 2+ ....0 21
(a) el (b)
- _3 £
3+ _
o
012% , | 0,6% |
14 14
POt s e B A e e ey ;L'II,-...,!,O. --nn#nlll§!',"
[]
P4
5 10 -5 0 5 10 15 -15..¢20°° 5 ;0 5 10 15
(d) 2 Tx-axis : line index (C) 27 * tratce
3 |y-axis : residuals in ym 341 = retrace

Figure 1.8: Comparison between different correction algorithms for hystere-
sis. A line pattern with a 3.0 ym period has been scanned without online
correction. The scan range was approx 44.0 pm. In the obtained image,
the steps have been indexed, number 0 being in the center of the image.
The residuals in micrometer between an ideal linear scan and the hysteresis
distorted image is shown in (a). The standard deviation of these residuals
devided by the scan range yield a measure for the amount of distortion
by the hysteresis, 7%. Then the performance of the manufacturer’s algo-
rithm for online correction of the scanner is shown (b),(c). The calibration
parameters of the algorithm are set to the factory defaults for (b), newly
calibrated parameters are used in (¢). The residuals in (b) and (c) between
the manufacturer’s online correction and the ideal scan show a significant
decrease in distortion compared with (a). The factory default algorithm
(b), 0.9%, performs slightly worse than the newly calibrated algorithm (c),
0.6%. Plot (d) shows the residuals between the measured uncorrected hys-
teresis and the model for hysteresis derived later in this thesis. The model
coincides with the experiment within an error of 0.12%. Clearly the model
presented in this thesis is superior to the manufactorer’s online correction
model.
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of the noise of the feedback sensors. Software controlled SPM are widely
used today. Yet the attitude of most users towards the instrument can
be rather naive and uncritical. The still high costs of a software controlled
SPM shams reliability and accuracy. Calibration procedures are rarely per-
formed. Although the instruments come equipped with a factory default
for the online correction, they need to be calibrated frequently in order
to maintain the same level of accuracy. The actual calibration method
often involves subjective actions such as changing a parameter until a dis-
played image looks linear or marking two points with a known distance in
a scanned image. These methods rely on arbitrary influences such as the
display quality of the image and above all on the eyesight of the user.

The actual goal of this project is to develop a new software algorithm to
correct for the nonlinear image distortions of a SPM online. The residual
error of such an online corrected image is to be within the accuracy of one
pixel, since this represents the smallest observable unit of the final image.
Typically, images consist of 512x512 pixel, so that one pixel corresponds
to ﬁ ~0.2% per axis. Additionally, the algorithm is to be simple enough
for online application with respect to the computational effort and the
amount of parameters needed. Yet it shall be flexible enough to describe
the complete range of motion with one set of parameters only. This set of
parameters is to model and to correct the non-linearities of the complete
range of motion. Furthermore, it is aimed for a hysteresis model that is not
restricted to a periodic movement in the lateral plane. Also the arbitrary

movement of the piezo in the z-direction is to be simulated.

The approach presented here to calibrate an SPM shall also absolve the
user from any intervention. At first, appropriate mathematical methods
are applied, such as least-squares-technique, to reach the numerical opti-
mum when modeling the non-linearities. By using this objective way of
calibrating an SPM, a reliable foundation is created for the recording and
comparing of further measurements.
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Chapter 2

Hysteresis

Hysteresis is derived from the Greek expression ”to arrive late”. It rep-
resents the major source for image distortion of an SPM. In a ferroelec-
tric material, the hysteresis is well-known between the externally applied
electric field E and the internal polarization P. In a piezo, a change of
polarization P is a direct result of the ionic movements within the ceramic.
Mechanically, P is therefore to a first approximation proportional to the
piezoelectric strain S or the elongation, say x, for an unloaded piezo. On
the other hand, a change in P yields a proportional change in the electric
displacement D [17] and thus in the charge density. So via P, the strain
S becomes proportional in the charge ). Hence the observation that a
charge driven piezo scanner is almost linear in its response z [17][18][19].
Additionally, hysteresis can be noticed between F and the crystal’s defor-
mation z in response to E. Thus the following chain can describe the type
of relations between the relevant physical properties. Here ”~” denotes
proportionality while ”<{” indicates a hysteretic relationship.

V~EOP~S~D~Qn~ua (2.1)

Appropriate equations can be found in [20] [21] and in the appendix of [22].
In the experiments presented in this thesis, hysteresis becomes observable
in the nonlinear movement of the piezo in the x direction when applying
a linear control voltage V to scan a reference standard [23]. The true
dimensions of the sample surface, fig. 2.1, become distorted when scanning
in the trace direction from left to right, fig. 2.2, and in the opposite retrace
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Figure 2.1: Hysteresis-free image of a sample with a line period of 3.0 pym.

direction, fig. 2.3. Hysteresis is per definition time-independent [24]. That
is, no matter how fast or slow the external field oscillates, the polarization
P always lacks behind E. Any time-dependent relaxation, often referred to
as creep, is to be treated separately. Frequency-dependent dynamics can be
excluded for the experiments, because the typical frequency range is well
below 5 Hz. This is below 0.5% of the systems typical resonance frequency
which is in the order of 1kHz for a tube scanner [25]. Thus the scan motion
is treated as quasi-static. Usually, hysteresis and creep are superimposed
on each other and difficult to separate. Chapter 3 presents a way to engage
this drawback.

Manufacturers of SPM try to compensate for the hysteresis and creep. This
can be done by changing the shape of the control voltage. Instead of us-
ing a triangular waveform which results in a nonlinear scanner movement,
the voltage is modified in a nonlinear way in order to produce a linear
movement. This represents an easy and cheap method, because the con-
troller only needs to be programmed in this way. However, the linearity of
the final movement is depending on the quality of the algorithm involved.
Often polynomial or exponential models are used. The amount of param-
eters is in the order of 3-5. Typically, the nonlinear residual error after
online correction remains in the order of 1-2% remain. More advanced
solutions include a hardware feedback loop for the piezo positioning [10].
Mostly these are capacitive or interferometric sensors which keep track of
the piezo’s movement and restrict it to a linear fashion. However, the hard-
ware solutions are either expensive or commercially not available because
they are developed and stationed in research institutes. Atomic resolution
is also hampered, because of the noise of the feedback sensors. Therefore,
a more advanced algorithmic solution is desirable. For most users of SPM,
a software solution is acceptable when the remaining measurement error is
within pixel resolution. After all, one pixel represents the smallest observ-
able unit in the final image. Typically an image contains 512x512 pixels,
so that 1 of 512 pixels corresponds to 0.2% for each direction x and y. In
this chapter, several approaches in order to model hysteresis are described.
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Figure 2.2: Hysteretic image distortion in trace direction from left to right,
V' > 0. Scanned is a line pattern with a period of 3.0 um.

Figure 2.3: Hysteretic image distortion in retrace direction from right to
left, V' < 0. Scanned is a line pattern with a period of 3.0 pm.

Two candidates are discussed in depth.

2.1 Experiments

Various experiments with 3 different microscopes were performed during
this project in order to unfold the properties of the hysteresis. In this
section, experiments on the two tube scanners are described and analysed
for hysteresis. In order to avoid image distortions due to frictional tip-
sample interaction the long tube scanner is set to use the intermittent
contact mode, the medium tube scanner to non-contact mode.

2.1.1 Tube scanners

The only way to measure distances within a scanned image is to use length
standards with structures of known dimensions. Since the declared aim
is to obtain one algorithm for all possible scan ranges, hysteresis needs
to be measured and analyzed before the online correction can be derived.
The maximum scan range for the long tube scanner is roughly 160 pm,
for the medium tube scanner 40 pm. Two different samples are considered
[23][26]. Sample [23] consists of a line pattern with a period of 3.0 ym with
a step height of 106.0 nm. In the following this sample [23] is referred to
as 1D3000. It is applied for scan ranges between 10 pym and the respective
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sample
| specifications || 1D3000 | 2D200
tvpe 1-dimensional 2-dimensional
yp periodic lines periodic grid
length . .
traceability 3.0 pm period 200.0 nm pitch
feature 106.0 nm step height 70.0 nm indentations
range of
application 12 pm - 160 pm 1 pm-17 pm
see figures 2.1-2.3,2.21,3.1,5.1,5.3,A.1,A.2 | A.3,A4

Table 2.1: Specifications of applied samples. References to scanned images
are also given.

maximum. The sample [26] is a two-dimensional grid of pyramidal inden-
tations at a pitch of 200.0 nm. The indentations are 70.0 nm deep. In the
following sample [26] is referred to as 2D200. It is used for scan ranges of
17.0 pm down to 1.0 um. See also table 2.1 for an overview.

With the long tube scanner both samples are scanned. The manufacturer’s
on-line correction of the SPM is disabled by setting the relevant parameters
to zero. Now an uncorrected triangular control voltage is applied to the
scanner. Since the image is sampled equidistantly in time, a one-to-one
relation between pixel index, time and actual value of the control voltage
exists for each scan line.

The first sets of experiments are sampled with the long tube scanner, table
2.2. For sample 2D200, the voltage range is varied from 5 V to 50 V peak-
to-peak in steps of 2.5 V, between 50 V and 70 V in steps of 5 V. The ranges
from 5 V to 70 V correspond approximately to 1.0 um to 17.0 gm. This
results in a total of 22 scanned voltage ranges. For sample 1D3000, the
ranges are between 50 V up to 260 V peak-to-peak in steps of 10 V. Higher
voltage ranges are chosen at the following irregular intervals to reduce the
amount of data for large ranges. The additional ranges are 275 V, 300 V,
350 V, 400 V and the maximum of 440 V peak-to-peak. The ranges from
50 V to 440 V correspond to approximately 12.0 ym to 160.0 ym. A total
of 26 ranges are measured for 1D3000. The amount of data points (V,x)
IS Ndata,200 = 1622 for sample 2D200 and the voltage range 5 to 70 volt
peak-to-peak. For sample 1D3000, a total of ngqta,3000 = 2114 data points
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instruments
experiments | long tube scanner | medium tube scanner
voltage range voltage range
50 V - 440 V (max) 140 V - 460 V (max)
approx. scan range approx. scan range
hysteresis 12 pm - 160 pm 12 pm - 40 pm
1D3000 scan frequency scan frequency
0.1 Hz 0.5 Hz
see figures see figures

2.4,2.10,2.12,2.14-2.19,2.22 2.5,2.20
voltage range
5V-70V
approx. scan range
hysteresis 1 pm - 17 pm
2D200 scan frequency
0.1 Hz
see figure
2.17

not performed

Table 2.2: Experiments to measure hysteresis for the two tube scanner and
the two samples. References to figures resulting from the experiments or
the following analysis are also given.
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Figure 2.4: Long tube scanner, 1D3000, table 2.2. Measured hysteresis
loops for various voltage ranges. Plotted is the position of the scanner x
versus the level of control voltage V. The loops obtained with the medium
tube scanner and the short stack scanner look the same, only on different
scales.

are recorded in the voltage range 50 volt to 440 volt peak-to-peak. This
corresponds to scanned distances from 1.0 pm to 17.0 ym and from 12.0
um to 160.0 um respectively. So 99% of the total piezo range of motion
is covered. Between the scanning of the two samples, seven months have
passed. At first, sample 1D3000 has been scanned to provide data for a
first analysis, while 2D200 is later used to refine and verify the results. For
both sets of experiments, the scan frequency is set to 0.1 Hz to provide a
quasi-static movement. This frequency is four orders of magnitude below
the resonance frequency of the piezo which is in the order of 1 kHz [25] in
the lateral direction. Thus inertial influences can be excluded. The images
are placed in the appendix. Figures A.1 and A.2 show the trace and retrace
image of sample 1D3000, while 2D200 can be seen in A.3 and A.4. The
images are analyzed by ”the naked eye”. Zooming into them, one line with
pixel width is selected. The distance moved by the scanner is transferred



2.2 Models for hysteresis 37

to the known dimensions on the samples. The beginning and the end of the
periods are fixed where a step on the surface occurs on 1D3000 or where the
lowest point in the indentation is reached for 2D200. Each feature of the
samples is thus identified with its corresponding position measured in units
of micrometer as well as with its pixel index and the level of control voltage.
Figure 2.4 shows a selection of hysteresis loops as obtained with the long
tube scanner and sample 1D3000. These loops are also representative for
the medium tube scanner and the short stack scanner. There the hysteresis
is the same, only on different scales.

The medium tube scanner provides the possibility to scan oblong images.
Thus the pixel resolution in the x-direction can be increased from 512 to
2048, while simultaneously reducing the resolution in the y-direction to 16.
This drastically reduces the total amount of scan lines and therefore the
scan time per image by a factor of 32. With the medium tube scanner only
sample 1D3000 is scanned, table 2.2. The scan ranges vary from 12 pym to
40 pm corresponding to 140V to 460V. The scan frequency is set to 0.5 Hz.
Again the online correction of the manufacturer is disabled. This time two
algorithms are applied to find the steps and thus the period of the sample.
The first algorithm is based on the gradient of the image. The points with
the highest gradients lie typically on the edges of the steps. These points
are extracted to define the period. One disadvantage of the gradient is that
high particles on the surface also cause additional large gradients, figure
2.5. Therefore the detected edges had to be verified manually in order to
eliminate false peaks. The second algorithm fitted a third order polynomial
to the profile. The period is found from the points of interception of the
fit and the profile. The polynomial is not sensitive to occasional peaks, yet
it can bend out of the center at both ends of the profile, figure 2.5. Still
the second method does not require a manual verification of the detected
edges.

In the following, the discussion and analysis of hysteresis is based on the
experiments with the long tube scanner.only. The medium tube scanner is
applied to verify the applicability of the final model for hysteresis.

2.2 Models for hysteresis

In order to describe the physical entity of a piezo, the interactions between
external influences and internal states must be considered[21][22], figure 2.6.
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Figure 2.5: Medium tube scanner, 1D3000, table 2.2. The determination
of the period of the line pattern can be automized. The gradient method,
which retrieves the points with the largest slope, is more sensitive to dis-
turbances such as dust than a fit to a third order polynimal. The particle
visual on the second top from the right causes the gradient method to find
a false edge. The polynomial fit evens out noisy peaks.
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Figure 2.6: Scheme of the interaction processes between the electrical, me-
chanical and thermal subsystem of a piezo ceramic. The symbols used are
E for electric field, D for electric displacement, T for stress, S for strain,
© for temperature, o for entropy and P for polarization.

The crystal’s polarization P represents the governing quantity within the
crystal which links the states of electrical displacement D, entropy ¢ and
strain S. Each of these internal quantities are influenced by the external
domains stress T, electric field E and temperature ©. The nature of all
interactions is also shown in figure 2.6. The thermodynamical potential ®
is then given by:

o=U-0c-TS—-ED (2.2)

where the internal energy U is a function of 0, S and D with
dU = Odo +TdS + EdD . (2.3)

In order to derive the equations of motion for this thermodynamical system
of a piezoelectric material, the thermodynamical minimum is to be deter-
mined where d® vanishes, d® = 0. The obvious advantage of this approach
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clearly lies within its detail and comprehensiveness. The model enfolds the
piezoelectric material as a whole. It describes any possible interaction of
the piezo with its environment during its application in the SPM. The gen-
erality of the approach allows a tether for further refinements and specific
data. For instance the geometric set-up of the piezo can be included in
form of boundary conditions within the mechano-elastic part of the theory
[28], [29], [30]. Also finite element analysis of a piezo tube exists [31]. Yet
it is exactly the complexity of this approach which makes it impossible to
achieve the goals of this project. Far too many quantities and materials
constants interact in a non-linear way. The functions to describe the in-
teractions include both integral and differential equations, see [21] or the
appendix of [22]. Already at the beginning of the modelling several as-
sumptions about linearity, proportionality and first order approximations
need to be done [21] in order to simplify the subject sufficiently. Therefore
a lot of effort was put into modelling the hysteresis between the electric
field and the polarization of a piezoelectric crystal isolated from the other
physical quantities. Some approaches evolve from a physical model of the
piezo crystal and its properties [18] [32] [33]. In [32], a one-dimensional
lattice model of a ferroelectric is used to simulate the domain structure
formed by the dipoles. As a consequence the model predicts a hysteretic
dependency between the applied electric field and the response of the fer-
roelectric. Another physical model for the hysteresis [18] consists of com-
paring the process of electrically charging the piezo with the mechanical
analogon of a stick-slip motion, thus yielding a hysteresis.

Apart from these physical approaches, the hysteresis has been tackled from
a purely constitutional mathematical angle, too. Systems of equations
that yield a hysteretic loop are utilized to describe the movement of the
piezo scanner [34][35],[15][36]. These models vary in their usage of different
mathematical tools. Differential equations[34][35] and [37] - [39], integral
equations[36], polynomial approximation [14] [40] and parametrization [15]
are applied to model hysteresis. These approaches have partly been applied
already to the scanner movement of a piezo driven SPM [14][15][36]. Where
stated, their residual error is in the order of 1.5-6% [15] [36]. Manufactures
of SPM [8][9] also apply algorithms in order to correct for hysteresis and
achieve an accuracy typically better than 2%.

The choice of the model that qualify for an online algorithm is based on the
previously documented quality of measurements as well as its applicability
as an online routine. The amount of parameters required is also decisive.
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Figure 2.7: Mechanical setup to create a stick-slip hysteresis. The mass m
rest with a certain friction on the surface. When the attached spring with
constant k is pulled and elongated by z, the mass will first begin to move
after the force of the stretched spring kx is larger than the friction force.

Some models, [32], [36], contain 100 or 250 parameters. The physical model
[32] even involves the integration of several hundred differential equations,
there done by the Runge Kutta method. However, an algorithm for a real-
time online control program must not contain parts that require a lot of
computational resources. Therefore some models do not seem appropriate
for the online purposes of this project. Other approaches, [33] and [41],
only give a comprehending approach to the physics without reaching a
quantitative conclusion. The two most promising models are the physical
model [18] and the constitutional model [34]. In [18], the hysteresis is
approximated by piecewise linear functions, while [34] offers possibility to
model hysteresis loops for all scan ranges with 3 parameters only. These
two models are described and applied to the experiments in the following.

2.2.1 Maxwell capacitors

This approach to model the hysteresis arises from the mechanical analogon
of a stick-slip motion. It is then transferred to an equivalent effect in
the electric environment. Mathematically the model represents a piecewise
linear approximation of the hysteresis loop.

Imagine a mass m to which a spring is connected with spring constant
k. The mass m which can move a distance = rests on a lateral surface
with friction. The spring is attached horizontally to it, figure 2.7. When
pulling the spring slowly with a steadily increasing force F,,;, the spring
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Hysteresis of a stick-slip motion

friction force

<- spring force F ->

- friction force

<- position x ->

Figure 2.8: Simple hysteresis loop as created by the stick-slip motion of
mass with a spring attached. Starting in the origin, the spring is stretched
by = and hence the force applied to the mass increases linear in z. When
the spring force equals the friction force, the mass begins to move. Now the
applied force of the spring remains constant while the position of the springs
endpoint = continues to increase until the direction is reversed. Then the
spring force decreases linear in x until it equals the friction again, now in
the opposite direction. Reversing the direction again closes the hysteresis
loop.
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will stretch. The endpoint of the spring moves from its original neutral
position z§ to a new x. The spring elongates by Az = x — 2 until F,,; =
kAz equals the friction Flyyicrion between the mass and the surface. Then
m starts to slide on the surface while the spring remains elongated by
Az, = Ff% Simultaneously, the original neutral resting position )
of the mass is shifted with further increasing z to z}; = x—Axz,. When now
reversing the direction and pushing the spring back towards the mass, the
force Fj decreases with decreasing x. The mass however remains at the

friction

position z}. Finally when the spring is compressed by Az_ = — e of
its original length, the mass starts to move in the opposite direction. The
neutral position z} shifts again with further decreasing x to 27 =z — Az _.
In this way a hysteresis is created between the force F,,; and the position
of the endpoint of the spring x, figure 2.8.

This rather crude hysteresis loop can be refined by combining a set (m;, ki)?zl
of n masses m; and n springs with different spring constants k; in parallel.
When plotting the position of the springs’ combined endpoints versus the
overall applied force, the hysteresis curve created is piecewise linear. The
shape of the hysteresis then depends on the choice for (m;, k;);_;.

The mechanical model of a stick-slip motion can be transferred to the elec-
tric domain as the charging of an ideal hypothetical Maxwell capacitor. The
spring constant k corresponds to the inverse 1/C of a capacity C, the posi-
tion x to a charge ¢ and the breaking force F't,;ction to a saturation voltage
v. The charging of a capacitor with an increasing charge ¢ continues until
the voltage over the capacitor has reached it saturation limit ¢ = vC. With
further charging the capacity shifts its point of mean charge g, according
to the direction of the applied voltage. The created hysteresis complies
with the mechanical model in figure 2.8. Again, a large amount of Maxwell
capacitors in series smooths the loop by piecewise linear approximation.In
[18], an electromechanical model of a piezo is proposed as shown in figure
2.9. The circuit is basically divided into two parts connected in serial, the
first containing the Maxwell capacitors for hysteresis and the second the
elements for the electromechanical coupling. The control voltage V;, is ap-
plied to the circuit and split up into Vi, over the Maxwell capacitors and
V; over the electromechanical transformer. The relevant equations are:

q = Trp.+CV; (24)
‘/t ‘/z _Vm,c (25)
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Figure 2.9: Electromechanical model of a piezo ceramic. A voltage v;, gen-
erate a current ¢ which creates hysteresis by successively charging Maxwell
capacitors MC. In addition the ceramic acts as a capacitance C and an elec-
tromechanical transducer T. Mechanically, the ceramic can be described as
a damped mass-spring system. For definitions see text.
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=1
F, = TV, (2.7)
Ft + Fewt = mi‘mc + bxmc + kxmc (28)
(o) (o),
V. = : ¢ (2.9)

v; Sgn (Q) and ¢, = q — Cv; sgn (Q) else

where ¢ is the total charge in the ceramic, T is the electromechanical trans-
former ratio, x is the stack endpoint displacement, C' is the linear capaci-
tance in parallel with the transformer. F; is the transduced force from the
electrical domain, m, b and k are the mass, damping and stiffness of the
ceramic, and F.,; is the force imposed from an external mechanical load.
Equation (2.8) describes second order dynamics. In contrast to the high-
frequency applications at 100Hz to 1000Hz as discussed in [18], the scan
frequency of 0.1 Hz is applied for the experiments discussed here. Therefore
a quasi-static movement can be assumed. Additionally the influence of any
external force F,,; is ignored. Thus (2.8) becomes

ktme = F; . (2.10)
Solving the system of equation for z(V;;,) yields
N T
_ Z q 7.n7] +szsgn(>
i=7+1
with
T2
. +C
q (Vin; ) (2.12)

1+(T2+C)Zz 7+1(J

Vin + Z % Zv&gn()

_J-l,-l

where j denotes the index of the latest fully charged Maxwell capacitor

j = max {2 €{1,2,..,n} [q — (qbi + C;v; sgn (Q>>} sgn (Q> > O}.
(2.

13)
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Performance analysis

The hysteresis is modelled with n = 10 Maxwell capacitors. A least-
squares-fit is applied for the set of 23 parameters (T7 k,C,(C, vi)gl) .This

minimizes the squared difference between the experimental data xspm, (V)
and the model prediction . (V):

Ndata

min Tspm (Vi) — Tme (Vi, q (V; z 2.14
{T,k,c,(ci,%}eR%;[ pn (Vi) = Tane (Vi g (V0))] (2.14)

The experimental data is taken from largest hysteresis loop of the long tube
scanner at the voltage range [—220 V, 220 V] where ngqt, = 220 edges have
been observed for both the trace and the retrace branch. The optimization
method of Nelder and Mead is chosen [42] because it does not require the
first derivative of the function to be minimized. The algorithm is initialized
with the parameter values as found in [18]:

db; = szpm(‘/(]) +C (‘/0 - Vm(:) Vi = 17 Qa ) 10
Jj =0
T, k,C, (Ci,v:)l2, as in [18] (2.15)

(Vb, o) as determined by the experiment .

The algorithm stopped with a standard deviation of 1.2 um which cor-
responds to 0.7% of the complete scan range. The residuals are shown in
figure 2.10. The following parameters are found:

| parameters |
| T = 5.478054 #% |
|
|

| kE =9.754736 - 106 ulm
[C=-151587-10° F
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Residuals for Maxwell capacitors at 440 V range
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Figure 2.10: Difference in position versus control voltage between the mea-
sured hysteresis and the fitted Maxwell capacitors for the voltage range
440 V of the long tube scanner, 1D3000, table 2.2. The piecewise linear
residuals relate to the individually active Maxwell capacitor. The overall
tilt indicates a further residual systematic error.
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Hysteresis loops simulated with Maxwell capacitors
100

>

<- position [pm]

voltage ranges

—440V
——350 V

—250V

-100 — 150V

<- control voltage [ V] -> — 50V

Figure 2.11: Hysteresis loops of position x versus control voltage V as
simulated by the fitted Maxwell capacitors. The voltage ranges correspond
to those of the experiment with the long tube scanner.
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Hysteresis loops at 50 V scan range
6 T

-25

<- position [um] ->

source

—SPM
MC

6 4+
<- control voltage [ V] ->

Figure 2.12: Comparing the measured hysteresis from the long tube scan-
ner, 1D3000, table 2.2, versus the simulation with the fitted Maxwell capac-
itor model MC for a voltage range of 50 V. The impact of the badly fitted
negative saturation voltage and capacity can be seen at the turning points
of the MC loop. Only 4 Maxwell capacitors are active for this range. There-
fore the simulated loop consists of 2x4 piecewise linear functions. This is
insufficient to accurately model the measured loop.

Maxwell capacities [F] | saturation voltage [V] |
C1 = 3.612157- 107 v1 = —5.823154 - 1071
Co = 2.028868 - 10~¢ vy = —6.162183 - 107!
Cs = 5.003868 - 10~° vy = 8.813270 - 1071
Cy =2.212764 - 1076 vg = 7.514071

Cs = 6.643181-10~¢ vs = 5.367377

Cs = 6.385794 - 10~ vg = 8.437768

C7 = 1.639462 - 10~° vy = 4.814231

Cs = 1.234018 - 1075 vg = 7.126937

Co = 8.992753 - 106 vg = 1.692832 - 10!
Cio = 9.180117-1075 | w1p = 2.519103 - 10!
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A simulation of hysteresis loops is shown in figure 2.11 for different voltage
ranges with the fitted model. Taking a closer look at the parameters reveals
that some of them have been determined at a physically wrong value. So
a negative capacitance C' = —1.51587 - 107°F is found as well as several
negative saturation voltages vy, vy of Maxwell capacitors. One might argue
that this either corresponds to a necessary preliminary decharging of the
capacitors at the beginning of the loop or that physical restrictions must
be included in the minimization algorithm. Yet this model lacks further
qualifications for a possible online-control. At first there is the need of
keeping track which Maxwell capacitors are fully charged or in the process
of charging/decharging. Secondly this model is basically a combination of
piecewise linear functions. The more linear expressions, that is Maxwell el-
ements (C;,v;)!_,, are introduced, the more accurately the hysteresis loop
can be modelled. The drawback of this approach is shown in figure 2.12.
There the parameters Tk, C, (Chvi)gl are set as determined by the fit
in order to simulate the loops for smaller scan ranges. As it shows, less
Maxwell capacitors are actively contributing to the shape of the hysteresis
for smaller scan ranges. Only 4 Maxwell capacitors are active for the small-
est scan range [—25 V, 25 V], resulting in an identical straight line for trace
and retrace except at the turning points. There the negative level of sat-
uration voltage is noticeable as short spikes. Since the level of accuracy is
determined only by the amount of Maxwell capacitors, the number needed
in order to model small as well as large ranges exceeds the 23 parameters
used until now. This is not recommended, on the contrary it is suggested
that ”a real-time application may be better served by fewer elements...”
[18], p73. Therefore this approach turns out to be inapplicable.

2.2.2 Coleman-Hodgdon

The constitutional model of Coleman and Hodgdon has been used to de-
scribe the hysteresis in ferromagnetic soft material. Simulated hysteresis
loops are in good compliance with those experimentally obtained. The
model as described by Coleman and Hodgdon [34],[35] consists of an ordi-
nary linear differential equation for the hysteresis in ferromagnetic materi-
als.

B:a’H‘[f(H)—B]—&-Hg(H) (2.16)

Here H denotes the applied magnetic field, B the magnetic flux and o €
R*. When transferring (2.16) to the experiments with the SPM, the excit-
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ing external field H can be considered equivalent to the control voltage V'
applied to the piezo. Its response, originally B, is recorded as the movement
in the lateral plane, say the translation by z in the x direction. Arguing
with (2.1), (2.16) can be written as:

z=alV|[f(V)=al+ V() . (2.17)

The following conditions are required of the functions f(V) and g(V).
f(V) is odd, monotone increasing, piecewise smooth, real-valued and has
a derivative f’ which has a finite limit f’(co) for large V. ¢(V) is even,
piecewise continuous, real-valued with an existing limit for large V' so that

g(0) = f'(00).The direction sgn(V) of the field V enters the equation by
the absolute value ‘V‘ = Vsgn(V) of V. When the position z at time ¢ = 0

is specified z(0) and V is given as a piecewise smooth function of ¢ on [0, 7T
with 0 < T < oo then the differential equation (2.17) can be solved to
obtain x. The resulting curve with the parametrization ¢ — (V (t),z (1)),
0 <t < T, has a slope dz/dV that is well defined for each ¢ at which V(t)
does not change sign. The control voltage V' (t) follows a triangular wave-
form, thus V(t) # 0 at each ¢ except at the turning points. So within the
time period for one triangular flank, equation (2.17) can be safely divided
by V(t):

ﬁ_:d—x:asgn(v) (V) —a]+g(V) . (2.18)
v av

It is clear from equation (2.18) that the constitutive equation (2.17) is
rate-independent in the following sense: Re-scaling of the function V, i.e.
replacement of V' by a function V obeying V' (h(t)) = V (¢) with h a continu-
ously differentiable function on [0, 7] having dh/dt > 0 and h(0) = 0, leaves
the curve of (V(¢),«(t)) invariant and merely changes the parametrization
of the curve to 7 — (V(7),2(7)), 0 < 7 < h(T), Z(h(t)) = x(t). Further-
more, from (2.17) it follows that V = 0 = & = 0. So this model cannot
describe a time-dependent response of the piezo to, say, a step function. In
the typical working condition of an SPM, a linearly alternating triangular
control voltage is applied. Therefore in the analysis of the experiments
it can be assumed that the piezo drive has reached a stable state where
time-dependent effects are neglectingly small versus the time-independent
non-linearities. Equation (2.18) can now be solved for both scan directions.
The two solutions x4 (V) of (2.18) with opposite sign of V are distinguished
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by indexing them with the direction of the applied field sgn(V'). The general
solution of (2.18) is

Tegn(v)(V) = exn(V)aV. (2.19)

| { [ (o (V) ar) 4 gn)) e Vay 1 ¢

It can be seen that ¢g(0) is the slope of the virgin curve in the origin and
« the rate of transition for dz/dV from ¢(0) to g(co) = f'(00). Coleman
and Hodgdon propose f(V') piecewise linear and ¢g(V') piecewise constant.
This is in good accordance with the properties of ferromagnetically soft
materials[34].

a(V4+V*)—bV*, V<-V*
fv)= bW, —Vr<V<vr
a(V-V*+bV*, V>V (2.20)

u, —V*<V<V*
g(V)_{a, V<V*andV >V*

Here V* denotes the threshold voltage, outside of which the piezoelectric
material becomes saturated and the hysteresis loop starts to flatten out.
During all experiments described in this thesis, no plots of hysteresis loops
for the different SPM have indicated that a threshold voltage V* is passed.
The second order derivative d?z/dV? has not changed sign, even for the
largest voltage range. The hysteresis never showed any convergence towards
a point of saturation. Therefore it can be safely assumed that the piezo
scanner operates within the threshold area [—V* V*]. As a consequence,
the model simplifies to the case —V* < V < V* with f(V) = bV and
g(V) = u. Hence V* is omitted. Equation (2.18) becomes

5—5 = asgn (V) bV —z]+u . (2.21)

The ordinary linear differential equation (2.21) can now generally be solved
for both the trace and the retrace direction. The trace direction is defined
for sgn (V) = +1, the retrace direction for sgn (V) = —1. The two solu-

tions only differ in the sign of the parameter «. For the sake of simplicity,
both solutions will be combined in the same line. The affiliated direction
is distinguished by the index ¢ for trace and r for retrace respectively.

b—u
iy (V) =0V F — (1= Cypre™) (2.22)
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The remaining integration constants C;/, are to be determined by bound-
ary conditions. For the ordinary process of scanning, the control voltage
V oscillates between two peaks Vi, Vs, V€ [Vin, Var]. The boundary
conditions for a closed hysteresis loop are thus

xt(vm) - xr(vm)

2e(Var) = 2, (Vag) (223)

Note that the model (2.21) can also be solved for arbitrary boundary condi-
tions, such as occur in the z-direction. Using the system (2.23) as boundary
conditions for (2.22) yields the special solution for closed hysteresis loops

b—u 2 oV
24/ (V) =0V F - (1 ~ Favo porevn et > . (2.24)

The loop is created by an exponentially decaying expressmn 4w C t/r etV
towards a linear asymptote bV with a changing offset :FT dependmg on
the scan direction, figure 2.13. The linear asymptote f(V) = bV repre-
sents the linear response if the hysteresis of the piezo was not present. The
coefficient b can thus be interpreted as the electromechanical coupling or
the sensitivity of the piezo. At this point it is appropriate to introduce the
voltage range Vi = Vs — V). The voltage range is the peak-to-peak range
of the applied control voltage, while the scan range denotes the actually
moved distance of the scanner as observable in the image. The choice of
Vv = —V,, applies to a typical voltage range symmetric around 0 V, and
hence Vg = 2V},

Performance analysis

The parameters of (2.24) are fitted to the experiments using a least-squares
algorithm. The sum of squared differences between the model (2.24) and
the experimental data is minimized with respect to the parameters b, u and
«. This least-squares fit yields the minimum sum LSF

Ndata
2
LSF = Vi) —x; . 2.25
iy 2 (o0yr (V) =) (2:29)
With sample 1D3000, a total of n44tq,3000 = 2114 data points are recorded

in the voltage range 50 V to 440 V peak-to-peak. In order to evaluate



54 Chapter 2. Hysteresis

Principle of modelling the hysteresis

bV

position

X, (V)=bV F (b-w)/a+C,e*

Figure 2.13: Principle of the model for a hysteresis of position x versus
control voltage V. A straight line bV is shifted up or down with an offset
(b — u)/a depending on the scan direction. An exponential decay e~V
towards this line creates the hysteresis loop. The correct choice of integra-
tion parameter C;/, secures that the branches are connected at the upper
and lower turning point to form a loop.
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the performance of the fit for each scan range individually, the standard

deviation
LSF;
o=/ : (2.26)
n; —v

of the i-th range is calculated. Here LSF; is the sum of squared residuals
and n; the number of data points for the i-th voltage range. The degrees
of freedom of the fit v is equal to the number of fitted parameters. For this
first fit, v = 3 for b, u and . The relative error e* for the i-th voltage
range is determined by dividing the standard deviation o; with the total
distance Ax; covered by the piezo for range i:

rel _ o;(b, u, o)

e
¢ A{ﬂi

(2.27)

Thus the quantity el states the uncertainty of the fit relative to the
scanned distance. Multiplying er®’ with 100 yields the error in percent.
The goal of reducing the scan error to one pixel or less can thus be written

as
rel 1 ~

e < =D ~0.2% . (2.28)
The results of (2.25) are shown in figure 2.18 below, see the uppermost
marked ”orig.” plot. There they are compared with the results of refined
models as discussed below. The parameters are determined as b = 0.47
[*‘%] ,u=0.19 [*“77”] , o = 6.68-1073 [V‘l]. The total sum of squared
residuals is LSF = 2505.17 with relative error ranging from 1-12%. Obvi-
ously model (2.24) does not qualify for the purposes of this project. Yet
after taking a closer look at the residuals for individual scan ranges, it be-
comes clear that a systematic error remains after the fit, see figures 2.14,
2.15 and 2.16. By comparing the orientation of the residuals for the small-
est, an intermediate and the largest fitted scan range, the changing linear
tilt of the residuals becomes obvious. While the residuals lie along a line
with positive slope for the 50 V range fig. 2.14, the residuals for the 440 V
range are distributed in a non-linear way along a line with negative incli-
nation, fig. 2.16. The residuals for the 275 V range do not show any linear
systematic. Therefore it can be concluded that the tilting of the hysteresis
loops undergoes a transition from being negative for small ranges to being
positive for large ranges. This effect is not modelled by (2.24). There the
tilt s of a hysteresis loop, or the slope of the centre line of the loop con-
necting the lower and upper turning point, is given for a symmetric scan
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Residuals for 50 V voltange range
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Figure 2.14: Long tube scanner, 1D3000, table 2.2. Residuals of the small-
est voltage range at 50 V after the fit. Clearly a linear systematic error with
negative slope is visible. Plotted are the residuals in micrometer versus the
level of control voltage V.
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Residuals for 275 V voltange range
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Figure 2.15: Long tube scanner, 1D3000, table 2.2. Residuals of the voltage
range at 275 V after the fit. Only a non-linear systematic error is recog-
nizable. Plotted are the residuals in micrometer versus the level of control

voltage in V.
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Residuals for 440 V voltange range
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Figure 2.16: Long tube scanner, 1D3000, table 2.2. Residuals of the largest
voltage range at 440V after the fit. Plotted are the residuals in micrometer
versus the control voltage in V. Now the linear systematic error becomes
visible with a positive slope. Superimposed is a non-linear error.
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around the origin by

If(VM)—It(V_M) :b— b—u
QVM aVM

s (Vs b,u, o) = tanh (aVis) . (2.29)

Here it is shown that the model of Coleman-Hodgdon does indeed predict
a change of the loop’s tilt depending on the voltage range Vip = 2V),.

For Vj)y — 0 = %ﬂ/}”) — 1, hence s(0;b,u,«) = u the slope of the
virgin curve. For Vjy — oo = % — 0 and s(oco;b,u, ) = b.

Yet this transition between b and u is obviously not enough in order to
describe the experiments. Therefore a new least-squares fit is performed
where an individual sensitivity parameter b; is introduced for each of the
22 scan ranges. Now the sum of squared residuals is reduced dramatically,
LSFs5; = 14.79. Plotting b; versus Vg, the optimized sensitivities increase
systematically with the voltage range as shown in figure 2.17.

Although « is responsible for the transition from u to b as seen in (2.29), a
fit for individual a; has not confirmed that the parameter « is a function
of the voltage range. The fitted «; are randomly distributed around the
original value o without significantly improving the result of the first fit. As
a consequence, different models are set up in order to describe the change
of the sensitivity b.

2.2.3 Enhancing Coleman-Hodgdon

Three different models for the changing sensitivity b are compared. The
curve as shown in figure 2.17 is modelled by the following functions:

bi(Vr) = b+aiVe+aVi (2.30)
b2(Vr) = b+azln(Vg —as) (2.31)
b3(Vr) = b—age ®'r (2.32)

These are then inserted into (2.24) replacing the sensitivity b in the linear
term:

2
eFTaVm 4 eFaVu

, b—
zi, (V) =b;(VR)V ¥ au (1 e”‘”) ,i=1,2,3
(2.33)
The first model (2.30) represents the straight forward approach to describe

figure 2.17 by a second order approximation. Its least-squares fitted value
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slope of hysteresis loop versus scan range
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Figure 2.17: Long tube scanner, 1D3000 and 2D200, table 2.2. Sensitivity
b of as a function of the voltage range. When fitting individual sensitivi-
ties for each observed voltage range, the values of b follow an asymptotic
exponential.
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Performance of variations of Coleman-Hodgdon
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Figure 2.18: Long tube scanner, 1D3000, table 2.2. Comparing the perfor-
mance of different hysteresis model. Plotted are their relative errors versus
the voltage range range. The original model ”orig.” yields the largest er-
rors. By refining the model successively with a second order polynomial
72nd”, a logarithmic ”log” and an exponential function ”exp”, we can re-

duce the error significantly.
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Performance of the fitted model for various ranges

04T
ra
. feature size
03T .
3um
H * 4200 nm
X X
rel I .
g 02+, .
[} A * *
[}
> P
% e ﬁéﬂ% * . . -
] r o MR R -
= o *
v 0.1 R
0 + + + + t t + + 1
0 50 100 150 200 250 300 350 400 450

<-voltagerange [ V] ->

Figure 2.19: Enhanced model for long tube scanner, 1D3000 and 2D200,
tables 2.2 and 2.3. For 99% of the complete voltage range, most errors are
within 0.2%, corresponding to one pixel. The slight increase at each lower
range of the two samples, at around 50 V and 5 V respectively, reflects
the measurement uncertainty for ranges with only few sample features per
image.

is LSF, = 47.6. Equation (2.30) clearly is an improvement compared to
(2.24). Still the residual errors can be lowered further by using (2.31).
There LSF; = 16.42. Especially for the small scan ranges (2.31) outper-
forms (2.30). Being monotone functions, both by (Vg) and b2(Vg) predict
that the sensitivity continues to increase with increasing scan range V. In
contrast to this, b3(Vg) limits the sensitivity by an asymptote that is ap-
proached exponentially. (2.32) yields the lowest residual errors of all three
models, fig 2.18. The sum of the squared residuals LSF3 = 14.92 is strik-
ingly close to the fit for individual sensitivities b; with LSFsy = 14.79. Now
the accuracy of (2.24) with the refinement (2.32) is sufficient. The error
when simulating the hysteresis mathematically is well within 0.2%, see also
[43]. Therefore it is decided to include the data of the sample 2D200 in the
least-squares analysis, raising the amount of experimental data points to
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Performance of the fitted model for various ranges
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Figure 2.20: Medium tube scanner, 1D3000, tables 2.2 and 2.3. After
fitting the experiment, most errors are within 0.3%. The increase at the
lower range reflects the measurement uncertainty for ranges with only few
sample features per image.
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Figure 2.21: Zooming into the SPM image of 1D3000 at a small voltage
range. The transitions from top to bottom level cover several pixels. The
measurement uncertainty when determining the pixel index of the center
of the flank is reflected by the larger residual error of the fit.

Ndata = 3736. Thus the voltage ranges can be reduced from the previous
minimum of 50 volt peak-to-peak down to 5 volt peak-to-peak. Hereby
99% of the scanners maximum voltage range of 440 volt peak-to-peak is
covered. The performance of the final model

- b—u 2
.Tt/r(V) = (b — ase€ aGVR) VF o (1 — Weq:aV) (234)

is shown in figure 2.19.

Most of the relative residual errors are in the order of 0.2% or below.
The values of the parameters settled at b = 0.64 [42], u = 0.38 [47],
a=344-10"% [V, a5 = 0.18 [A2], ag = 3.04- 1072 [V 1]

The hysteresis loops measured on the medium tube scanner are also fitted
to (2.34). The performance of the fit is shown in figure 2.20. Most of the
errors are below 0.25% as well. The parameters are determined as b = 0.18
[f%] ,u="79-10"2 [/%] ,a=255-1073 [V_l] , a5 =4.7-1072 [/%] ,
ag =2.66-107% [V 1]

The reason for an increasing error at the smaller voltage ranges for each
sample and scanner, below 100 V and 15 V for the long tube scanner
and below 220 V for the medium tube scanner, lies within the increasing
measurement error. The higher lateral resolution for small ranges causes
the calibration features, the flanks of the lines for 1D3000 and the center of
the pits for 2D200 to cover several pixels, fig. 2.21. Therefore the position
of the features are only determinable within a few pixels, thus the larger
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Residuals for 440 V voltage range
0.75 T

<-residual [um] ->

. 05+ scan direction
¢ trace
m retrace
075 4 — —z= 1 pixel

<- control voltage [ V] ->

Figure 2.22: Long tube scanner, 1D3000, tables 2.2 and 2.3. Example of
the residuals after fitting the hysteresis of the 440V voltage range to the
enhanced hysteresis model. The error is well within the range of + 1 pixel.
Merely at the turning points the model performs with an error that is
slightly larger than on pixel.
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error of the fit. A typical plot of residuals of the final model (2.34) is
shown in figure 2.22. The two dotted horizontal lines represent the limit
of accuracy for +1 pixel. Although the model has a remaining non-linear
systematic error which is mostly visible at the turning points, the overall
performance is in the order of a pixel. This accuracy is achieved with one
model and 5 parameters for almost the complete scan range of the SPM.
As a by-product of the analysis, a numerically optimum way of parameter
determination has been introduced. This liberates the user from manually
adjusting the values of the SPM hysteresis correction.

2.3 Conclusion

Experiments have been performed to measure the hysteresis of an SPM.
Two samples have been applied for different voltage ranges. Sample 1D3000
covers the voltage ranges 50 V to 440 V peak-to-peak, while sample 2D200
is used for ranges between 5 V and 70 V peak-to-peak. The frequency has
been kept at a constant level of 0.1 Hz. Two models for hysteresis have
been discussed. The first model derives the hysteresis from the electric
equivalent of a stick-slip motion. This results in an approximation of the
hysteresis with piecewise linear functions. A total of 23 parameters is fitted
to the measured hysteresis at the voltage range of 440 V. It is required
to keep track of the history of changes introduced to the model during
the simulation. The fit yielded a standard deviation of 0.7%. Yet some
parameters are determined in a physically wrong way. While this can be
corrected by using a fitting routine with boundary conditions, the model
is not qualified for online application. 23 parameters are not enough to
simulate the hysteresis loops for small scan ranges

The other model for hysteresis consists of the solution of an ordinary linear
differential equation with 3 parameters. The solution for a closed hysteresis
loop is given by a linear asymptote with changing offset for an exponential.
This simple analytical model has been fitted to 26 voltage ranges, a total of
2114 data points. Although a tilting of the hysteresis loop with increasing
voltage range is inherent within the model, it is found that this does not
suffice to describe the tilt of the measured hysteresis loops. An exponential
expression is included to consider the tilting of the loops as observed in
the experiments. This increases the amount of parameters to 5. The thus
enhanced model is then fitted to all observed 48 voltage ranges, a total of
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| instruments || experiments | results |
voltage range parameters
5V -440 V (max) b=0.64
long tube scanner approx. scan range u = 0.38
hysteresis 1 pm - 160 pm a=344-10"3
1D3000 scan frequency as = 0.18
& 2D200 0.1 Hz ag = 3.04-1073
see figure modelling error
2.19 < 0.2%
voltage range parameters
140 V - 460 V (max) b=0.18
medium tube scanner approx. scan range u="7.9- 10‘?3
. 12 pm - 40 pm a=2.55-10
hysteresis 9
1D3000 scan frequency as =4.7-10
0.5 Hz ag = 2.66 - 1073
see figure modelling error
2.20 <0.3%

Table 2.3: Summary of the offline fit of the measured hysteresis loops to
the enhanced model.

3736 data points. This corresponds to 99% of the total range of motion of
the tube scanner. The modeling error of the hysteresis is within 0.2% for
all ranges. Only for those ranges where the image resolution increases the
measurement uncertainty for the hysteresis, the modeling error is slightly
higher, up to 0.4%.

By using a least-squares fitting routine, the numerically optimum values
are determined for the parameters of the model. It is conceivable that
future calibration procedures relieve the user from manually calibrating
the microscope. The SPM can be programmed to record the hysteresis for
a set of different voltage ranges and find the appropriate parameters by an
automatic image analysis with a succeeding fit.
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Chapter 3

Creep

Piezo-electric material is known to display time-dependent relaxation, called
”creep”. This can be observed when loading a piezo with a mass [20] or
applying a step voltage [44], and then measuring the strain as it changes
in time. Creep is caused by time-depending changes in the borders and re-
orientation of the dipole domains [20]. Typically a logarithmic dependency
of strain versus time is assumed. By choosing a logarithmic function, the
question of the valid time frame is left open. Since the logarithm is strictly
monotone increasing, clearly the piezo would reach any desired expansion
if only one waits long enough. For times close to zero, the logarithm shoots
towards -oo. The second drawback can be corrected for by an offset in
time. The question about the valid time frame however remains.

Manufacturers of software controlled SPM also apply algorithms in order to
correct for frequency-dependent image distortions. Typically this involves
a logarithmic or 3rd order polynomial with 2-4 parameters.

During the periodic scan process of a SPM extreme situations do not occur
such as a single step in the control voltage. It is rather more evident
to investigate the time-dependent relaxation that occurs for different scan
frequencies during the scan motion. This is presented in this chapter.
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NI

Figure 3.1: Long tube scanner, visualization of time-dependency, 1D3000,
table 3.1, trace image. The voltage range is constant at 110 V, the scan
frequency has been changed as shown while acquiring the image. It is
clearly demonstrated how scan frequency affects the scanned distance.
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3.1 Experiments

Basically two different set of experiments are performed. The first set is
only used for the visualization of creep during the scan motion. From
these experiments a model is derived. The second set of experiments is
then taken to determine the parameters of the model. The default online
corrections of the SPM have been disabled. The expression calibration
frame may be introduced here. It means the set of all of voltage ranges and
scan frequencies that have been considered for the calibration procedure of
the algorithm for one scanner.

3.1.1 Tube scanners

In order to qualitatively examine the effect of different scan frequencies on
the hysteresis, the sample 1D3000 is scanned at a constant voltage range
of 110 V with the long tube scanner. The frequency is step-wise increased
from 0.1 Hz to about 7.6 Hz.

In the second set of experiments, the medium tube scanner has been set
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instruments
experiments | long tube scanner | medium tube scanner
voltage range
110 V
visualization of awp rozéoscan range
time-dependency pm not performed
1D3000 scan frequency
0.1 Hz - 7.6 Hz
see figure
3.1
voltage range
172.5 V - 4025 V
hysteresis+creep approT. scan range
1D3000 not performed 15 jum = 35 pim
calibration frame scan frequency
0.1 Hz - 1.4 Hz
see figures
3.5-3.8

Table 3.1: Experiments to measure hysteresis and time-dependent effect
for the two tube scanner. The experiment marked "calibration frame"
is used as calibration for the future online application of the correction
algorithm. References to figures resulting from the experiments or the
following analysis the are also given.
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to scan the sample 1D3000 with varying frequency and voltage range. The
voltage ranges vary from 172.5 V to 402.5 V. This corresponds to scan
ranges from 15.0 ym to 35.0 pm, about 50% of the total scan range. The
frequencies range from 0.1 Hz up to 1.4 Hz. 5 different ranges and 6 different
frequencies resulted in a total set of 30 experiments. Again the horizontal
resolution is set to the maximum of 2048 pixel while reducing the vertical
resolution to 16 pixel. One of the resulting 16 pairs of trace/retrace profiles
in x-direction is chosen to be analyzed further. A third-order polynomial is
fitted to the profile. The pixels closest to the points where the polynomial
intercepts the profile are chosen as the center of the flanks. Identifying
these flanks with the sample’s known period of 3.0 um yields the position
of the flank in micrometer, refer again to fig. 2.5. The level of control
voltage is determined by the pixel index of the flank.

3.1.2 Stack scanner

A special designed stack scanner [10], fig 3.2, is equipped with capacitive
sensors, so the position of the piezo is recorded immediately without having
to use the dimensions of a length standard. This feedback system can be
used to linearize the movement of the stage [27]. Typically the scanner
position is sampled with 10kHz. This leaves large reserves even for high
scan frequencies. In order to reduce the amount of information from 10000
points per second to a reasonable number, the control program has been
programmed to down-sample the records to a constant 512 data points
(V, ) per hysteresis loop. The maximum voltage range is 350 V peak-to-
peak. This yields a scan range of about 5.0 um.

For visualization of the hysteresis loops at various frequencies, the frequen-
cies have been varied from 0.2 Hz up to 20 Hz while keeping the voltage
range constant at 280 V or approximately 2.8 pum.

The experiments done with the short stack scanner are also analyzed for
the dependency of creep. The stack scanner is programmed to perform
an oscillating movement in the x-direction, driven by a triangular control
voltage. The experiments consisted of a recorded sequence of 8 loops after
the instrument has scanned the preset range already for 4 times. This
was done so that the hysteresis loops could stabilize. Again the loops are
sampled with 512 points per period. The frequency is varied between 0.1
Hz and 2.5 Hz, the voltage range between 35 V and 315 V.
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Figure 3.2: Foto of a stack scanner. At the bottom and to the right the piezo
stacks can be seen, while the springs to counteract the piezo expansion are
mounted on the opposite sides. One side of the square plate in the center
is approximately 15 cm.
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experiments

short stack scanner

visualization of
time-dependency

voltage range
280 V
approx. scan range
2.8 pm
scan frequency
0.2 Hz - 20 Hz
see figure
3.3

hysteresis + creep
calibration frame

voltage range
35V-315V
approx. scan range
0.4 pm -4 pm
scan frequency
0.1 Hz - 2.5 Hz
see figures
3.9-3.12

Table 3.2: Experiments to measure hysteresis and time-dependent effects
for the short stack scanner. The experiment marked "calibration frame"
is used as calibration for the future online application of the correction
algorithm. References to figures resulting from the experiments or the
following analysis the are also given.
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3.2 Creep during the scan motion

Time-dependent image distortions are best visualized when comparing a
series of images where the voltage range is kept constant and only the scan
frequency has been changed. In figure 3.1 the scanned trace image of sample
1D3000 is displayed. The voltage range of 110 V is kept constant through
the whole image. The scan frequency has been varied during the scan from
top to bottom as written next to the image. It is clearly shown that the
SPM scans larger areas at smaller frequencies. Since the scan process can
be regarded as quasi-static for frequencies below 1 Hz, dynamics of the
scanner can not be the reason for this behaviour. Thus it is concluded
that this effect is caused by time-dependent relaxation of the piezo, creep.
For small scan frequencies, i.e. for a large time per trace/retrace period,
the piezo covers a larger area given more time to expand. This effect is
reproducible for all voltage ranges. Corresponding to these experiments,
figure 3.3, displays the hysteresis loops of three different scan frequencies.
The loops were recorded with the short stack scanner. Again it is verified
that the stack scanner behaves qualitatively in the same way as the tube
scanners. It is demonstrated that scanning at a constant voltage range with
decreasing frequency enlarges the scan range. This is visualized in figure
3.3 as a change of tilt of the loops. Note that the loop for 20 Hz shows
influences of dynamics of motion. The area covered by the loop is larger
and the turning points are not as sharply pronounced as for the other two
loops. Additionally there are damped oscillations immediately after the
turning points indicating the transient dynamics of the scanner. Although
the data for 20 Hz is not considered in the following analysis, it is plotted
here for reason of comparison.

3.3 Modelling creep

In the previous section it has been shown that creep changes the effective
sensitivity of the piezo. In order to model the observed time-dependent
piezo effects, the following points are assumed.

e The rate-independent hysteresis algorithm (2.24) describes the hys-
teresis for very fast scanning, neglecting any dynamics.

e On top of this hysteresis, time-dependent piezo creep is superimposed
during the scan motion. The slower the scan, the more the piezo can
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Tilt of the hysteresis for different scan frequencies
15T

50 100 150

<- position [um] ->

scan frequency
—0.2Hz
=2 Hz
—20Hz

15 4+
<- control voltage [ V] ->

Figure 3.3: Short stack scanner, visualization of time-dependency, table
3.2. Plotting the piezo’s position versus the applied control voltage for
three different scan frequencies. The lower the frequency, the more tilt
of the hysteresis can be observed. Note that the loop for 20 Hz exhibits
dynamics, therefore the area covered by the loop is larger than the others.
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Maximum possible creep is determined by asymptote

x(Vy=bV F(b-w/o (1-Ce™)

S(N=bV L

Figure 3.4: Approach to model creep during the scan motion. The hys-
teresis loop is assumed to tilt towards the line so(V') = bV given by the
sensitivity coeffient b. The maximum amount the piezo can creep d(Vay) is
then the difference between so(V) and the upper turning point at z(Vjs).
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creep, thus the larger the tilt of the hysteresis loop.

e Finally it is assumed that there exists a natural limit to the possible
amount the piezo can creep and is set by the line so (V) = bV through
the origin, figure 3.4.

The original hysteresis model (2.24) builds the base for this approach. Al-
though knowing that a refinement exists (2.34), it is decided to start with
the original model. Later it is shown that the derived model for hystere-
sis and creep includes the earlier obtained enhancement of the hysteresis
model. The choice of the limit in the final assumption above, illustrated in
fig. 3.4, is evident because the constant b is the piezo’s actual sensitivity.
So so (V) represents the physical limit of the piezo’s expansion. An ex-
tremely slowly oscillating control voltage would cause the turning points of
the loop to lie close to sg (V). Then the actual maximum possible amount
of creep d (Vi) for the upper turning point Vs in the trace direction is
determined by:

d(Vir) = s0(Var) =2 (Vr) (3.1)

= b ;U (1 — Cte_aVM) s

see figure 3.4. The amount of creep z.(Vas) that depends on the scan
frequency w is then a fraction k (w) of the maximum creep d (Vys):

e (Var) =k (w)d(Var) - (3.2)

In all of the experiments, only a linear change in the hysteresis loops is
observed when varying the scan frequency. A further set of experiments
with different voltage offset confirmed the observation that the linear tilt
of the loops is symmetric around the centre Vo = %;V) of the voltage
range Vg = Vs — V,,, independent of the offset. Only the occurrence of b
as sensitivity bV is to be changed in the hysteresis model (2.24). The other
parameters entering the non-linear expressions of (2.24) remain at the same
value. Therefore the contribution of creep to the hysteresis is modelled to
be linear in the control voltage. So for any control voltage during the scan
V € [Vin, V], the amount of creep to be added to the hysteresis is

V-Ve

(3.3)

The amount of creep z. (V;w, Vs, Vo) is not only depending on the fre-
quency w and the point of voltage reversal V), but also on the voltage range
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Measured coefficient k of the hysteresis tilt versus
voltage range and scan frequency

13

1.0

0.6 0.8

0.1 0.2 04
frequency @ [Hz ]

Figure 3.5: Medium tube scanner, 1D3000, table 3.1, calibration frame.
Coefficients k; as found by fitting individual values for all observed ranges

and frequencies.
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Measured coefficient k decays exponentially with the
scan frequency for all voltage ranges
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Figure 3.6: Medium tube scanner, 1D3000, table 3.1, calibration frame.
Plotting the values of the fitted coefficients k* versus the scan frequency for
different voltage ranges. The exponential decay of the &k in the frequency
is clearly visible for all voltage ranges.
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Vr = Var — Vi. Remember that the integration constant Cy in d(Vys) is a
function of Vs and V,,, and is responsible for the point-symmetry of the
hysteresis loops around the centre of Vg at (VM ;FV'” , Ty (VM;V'" )) There-
fore z. (Viw, Vi, Vo) = —2. (V;w, Vi, Vo). Now it has been shown that
(3.3) is independent of the voltage offset. Therefore only a symmetric
voltage range [V_jr, V| with Vg = 2V, around Vo = 0 V needs to be
discussed for the sake of simplicity. In order to determine the functional
dependency of k(w) on the frequency, (3.3) is added to the original (2.24).
The resulting equations

d — 2
zyr (V) = (b+ k(w) ij\f)) V¥ : au (1 - memv>

(3.4)
are then fitted to the second set of experiments where range and frequency
varies. The coefficient k(w) is treated as a set of individual parameter
k:i)’VM, 1 =1,..,30, one for each experiment. By doing this, the fit yields the
optimum values for the kZ%VM for each combination of range and frequency.
The thus fitted coefficients are displayed in figure 3.5. The overall sum of

squared residuals is LSF}, = 5.11.

By forming profiles parallel to the x- and y-axis of the values of the ki}yM
in figure 3.5, it is found that they are exponential in the frequency, fig. 3.5,
as well as linear in the voltage range, fig. 3.7. This yields the final model
for the complete non-linear movement of the piezo as:

k (w, Var) = (1 - Ale—ﬁ) (AsViar + As) . (3.5)
Inserting (3.5) and (3.1) into (3.3) yields
_ 1 b—u —aVa 1%
Tc (V;w7 VM) = (1 — Ale “”') (AQVM + Ad) (1 — Cte VM) W s
(3.6)

2 (Viw, Vi) is linear in V.

A new sensitivity E(w, Var) is now defined as the sum of the original pa-

rameter b and w :
M
- b— 1
bw, Var) = b+ = U (1 - Ale_F> (A2Vir + As) (1 — Cre™ ")
M

(3.7)
b(w, Var) represents the sensitivity of the piezo as a function of the scan
frequency and the voltage range. The general model & /,.(V) for hysteresis



82 Chapter 3. Creep

Measured coefficient k is linear in the voltage range for
all scan frequencies
1.25 1

*
L
1.2 4 .
>
$
*
115+ . ¢
*
114 $
. . ‘
. requency o
~ 105+ . a y
s ©0.1Hz
1 R . +0.2 Hz
° ¢0.4 Hz
*
¢ 0.6 Hz
095+ 3
* ¢0.8Hz
e » 1.0 Hz
09T ¢ 14H
Y * 1. z
*
0.85 } } } } |
160 210 260 310 360 410

voltage range[ V]

Figure 3.7: Medium tube scanner, 1D3000, table 3.1, calibration frame.
Plotting the values of the fitted k versus the voltage range for different
scan frequencies. The linearity of the k* in the voltage range is clearly
visible for all scan frequencies.
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and superimposed creep becomes the sum of the rate-independent closed-
loop solution (2.24) and equation (3.3) which is dependent on the frequency
w and via Vi on the voltage range:

(V) = 2epp(V) + 2 (Viw, Vi) (3.8)

A b—
= b, Vi)V F (1= Cyyre™Y)

Just as the refined model for rate-independent hysteresis (2.34), equation
(3.8) also contains a range dependency and change of tilt that is assymp-
totic in the voltage range. When the scan frequency is constant as for the
experiments fitted to (2.34), the two models act in an equivalent way.

3.3.1 Performance analysis

After the model for hysteresis with superimposed creep has been set up
(3.8), again a least-squares-fit is applied to determine the 7 parameters
o, b, u, 7, Ay, As, A3z of the model. The overall performance of this
final fit to the medium tube scanner is shown in figure 3.8. The fit yields
LSF = 5.33 which does not differ significantly from the fit for unrestricted
k' at LSF), = 5.11. The optimum parameters are o = 3.23 - 1073 [V‘l],
b=0.081 [*’%], u = 0.016 [”V—m}, T = 2.666 [s], A; = 0.081, Ay = 2.78-1073
[V~1], A3 = 0.681.

The applicability of the model with the short stack scanner is now verified.
Again the parameters of the model (3.8) are fitted to the measured hystere-
sis loops. The voltage range varied between 35 V and 315 V, approximately
400.0 nm to 4.0 um, corresponding to 10%-90% of the total voltage range.
The scan frequency is changed between 0.1 Hz and 2.5 Hz. The parameters
are a = 0.862 [V‘l], b = 0.546 [f%], u = 0.177 [f%], T = 2.519 [s],
Ay = 0.103, A, = 0.821 [V‘l}, Az = 0.872. The overall performance is
shown in figure 3.9. As with the other microscope, the model can simulate
all voltage ranges and frequencies within an relative residual error in the
order of 0.3 % and better - with one exception. For small ranges and small
frequencies a larger deviation is noticeable. This is due to drift and can
be seen in figure 3.10. Plotting the total recorded data, that is all 8 loops,
for the voltage range of 35 V at 0.1 Hz, and zooming into the endpoints,
reveals the reason for the large modelling error. Obviously the endpoints,
and thus the loops, undergo a drift. The residuals of the fit also reveal a
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Performance of the fitted model for
various voltage ranges and scan frequencies

0J0.4-0.5
error [%] 0J0.3-0.4
0.5 [J0.2-0.3
[0o0.1-0.2

172.5 0.3

230
0.2

range [V]

0.2
0.6 0.4

402.5 8
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Figure 3.8: Medium tube scanner, 1D3000, tables 3.1 and 3.3, calibration
frame. After fitting the model #,,,(V), the relative residual error of the
fit are well below 0.5% for each observed scan range (175 V - 400 V ) and

frequency (0.2 Hz -1.4 Hz ).
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Performance of the fitted model for various voltage
ranges and scan frequencies

error [%)]

1.0
[0.75-1.00
[00.50-0.75
0.1
[00.25-0.50
0.42 . [10.00-0.25
o [Hz]

0.7 ' range [350 V]

Figure 3.9: Short stack scanner, table 3.2 and 3.3, calibration frame. After
fitting the model Z,,,(V'), the relative residual error of the fit are well below
0.5% for most of the observed scan ranges ( 35 V - 315 V ) and frequency
(0.1 Hz -2.5 Hz ). A large error exists only for the smallest voltage rang
and frequency. This is due to drift.
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Drifting hysteresis for voltage range 35 V at 0.1Hz
0.15 0.10 -0.05 0.00 0.05 0.10 0.15

<- position [2.5yum] ->

©0.20 +
<- control voltage [175 V]->

Figure 3.10: Short stack scanner. FEight recorded hysteresis loops at 0.1
Hz and a voltage range of 35 V. This corresponds to a scan range of about
500.0 nm. The uniform drift of the position becomes clearly visible in the
displacement of the end points of the hysteresis. The amount of drift is
about 0.4 nm/s.
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Residuals of the fit for 35 V at 0.1 Hz
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Figure 3.11: Short stack scanner. Residuals of the fit for the voltage range
of 35 V at 0.1 Hz. The residuals for trace and retrace are not connected
at the lower turning point of the loop due to drift. The amount of drift is
about 0.4 nm/s.
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Drift corrected residuals for 35V at 0.1 Hz
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Figure 3.12: Short stack scanner. Residuals for the voltage range of 35 V
at 0.1 Hz after drift correction. Now the residuals for trace and retrace
connect again at the lower turning point of the loop.

gap between the starting point and the end point of the loop, figure 3.11.
The drift is time-dependent. The error it causes vanishes for higher scan
frequencies at the same voltage range. Using the data of the voltage range
of 35 V, the drift is calculated to be approximately 0.4 nm/s. Due to its
small amount it becomes typically observable first at scan ranges below 1.0
pm. Using a linear drift model, the error can be reduced to 0.6%, figure
3.12. However, this drift correction is only included for the sake of com-
pleteness. It is not included in the final model for hysteresis and creep
because drift is not observed for scan ranges above 1.0 pm.

3.4 Conclusion

The time-dependent relaxation phenomenon called creep has been dis-
cussed. Experiments have been performed where the voltage range has
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| instruments || experiments results |
parameters
voltage range a=323-10"3
1725V -4025V b =0.081
medium tube scanner . f goxﬁsc%rg mrzg ¢ v i 22(1;2
1D3000 [ =99 4 TTo
. . scan frequency A, =0.081
calibration frame 01 Hy - 1.4 Hz A, — 978103
. - 1. 2 = 4. .
see figure Az =0.872
3.8 modelling error
< 0.4%
parameters
voltage range a = 0.862
35V-315V b = 0.546
short stack scanner . gTirjc—aZ Z?;Lge 7; i gg;
cap.ac1t1\.fe SOLSOTS scan frequency Ay =0.103
calibration frame 0.1 Hz - 2.5 Hz A, — 0.821
. - 2. 2 = U.
see figure A3z =0.872
3.9 modelling error
<0.3%

Table 3.3: Summary of the offline fit of the experiments to the model for
hysteresis and time-dependent non-linearity. The parameters determined
here are used later in the online algorithm.

been kept constant at 110 V, corresponding to roughly 60.0 pum, while the
scan frequency has been changed systematically from 0.1 Hz up to 7.6 Hz.
During the process of scanning, creep causes the piezo to move longer dis-
tances for smaller frequencies. This has also been displayed as a tilting of
the hysteresis loop depending on the scan frequency. Supposing that creep
is superimposed on hysteresis and observing that it contributes only to the
linear part of the hysteresis model, time-dependent relaxation is modeled
to change the effective sensitivity of the piezo. That is, the linear coefficient
of the hysteresis model has been complemented to adapt for different fre-
quencies. Further analysis of the experiments showed that the sensitivity
changes exponentially in the frequency.

Two further sets of experiments have been performed where systematically
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the voltage range as well as the frequency has been changed. The medium
tube scanner has been set to scan the sample 1D3000 with varying frequency
and voltage range. The voltage ranges vary from 172.5 V to 402.5 V. This
corresponds to scan ranges from 15.0 pm to 35.0 um, about 50% of the total
scan range. The frequencies range from 0.1 Hz up to 1.4 Hz. 5 different
ranges and 6 different frequencies resulted in a total set of 30 experiments.
The short stack scanner has performed experiments driven by a triangular
control voltage. The loops are sampled with 512 points per period. The
frequency has been varied between 0.1 Hz and 1.4 Hz, the voltage range
between 35 V and 350 V, corresponding to .0.5 um to 5.0 um. The model
is then fitted to the experiments of each scanner. The overall performance
of the model is within the aim of 0.2% for both instruments. Only for small
ranges, 500.0 nm at low frequencies, 0.1 Hz, instrumental drift of about 0.4
nm/s causes the modelling error to be in the order of 0.9%. A linear drift
correction reduces the error to 0.6%.
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Chapter 4

Online application

In chapter 2 and 3, the approach has been introduced how to model the
hysteresis as observed during the scan movement of a SPM. The equations
(3.8) found have proven to describe hysteresis and creep within a residual
error of one pixel. The observed hysteresis for different scan ranges and scan
frequencies has been simulated by calibrating only one set of 7 parameters.
This collimates the goals. Therefore the online application of the model
is now treated. It is then included as a control algorithm in the software
of a commercially available SPM in order to obtain linear images already
during the process of scanning. All that the user has to state is the desired
scan range x, and the scan frequency w. The algorithm then takes care of
calculating the adequate voltage range V,. as well as the actual control volt-
age V(z). Therefore, the model (3.8) needs to be inverted, thus obtaining
the control equation V' (x) from the descriptive hysteresis model (V). The
key function of the inverse is formed by the non-analytic LambertW(.), a
function called after Johann Heinrich Lambert, a contemporary of Euler
and Lagrange around 1760 [45][46]. Finally the performance of the online
algorithm is analyzed by calculating the linearity of the obtained images.

4.1 The function LambertW

This chapter begins with the definition of the function LambertW (x) [45][46].
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Definition 1 The function LambertW (z) of x yields the value so that
LambertW (z) elambertW(@) — (4.1)

Note that for < —1 LambertW(z) is not defined and for —1 < 2 < 0
there exist two real solutions. This ambiguity does not pose a problem,
since branches of hysteresis loops are inverted that are piecewise monotone,
continuous and differentiable. Therefore the inverse exists uniquely as a
piecewise monotone, continuous and differentiable function. The actual
values of LambertW (z) are later determined in the control program by use
of the Newton-Raphson method to the definition (4.1). This also ensures
unambiguity.

In order to invert (3.8), the hysteresis equation is simplified and reduced it
to its principal structure. The function to be inverted has the form of

(V) =V + e + ¢4 (4.2)

where c1, o, c3, cq4 are constants with

o o=bw, Vi) (4.3)
b—u 2
cg 1 == o cFaVi T oFavir (4.4)
3 =Fa (4.5)
b—u
M = 46
C4 F o ( )

Ignoring these constants, the basic functional dependency of x from V in
(4.2) consists of a sum of two expressions: one that is linear and one that
is exponential in V:

x(V)=V4+ev . (4.7)
After substitution of x by e® in (4.1) follows
LambertW (e”) glhanmbertW(e”) — oo (4.8)
or
LambertW (e”) = e~ LambertW(e®)+z (4.9)

This equality is important since it tells that the LambertW(.) of an expo-
nential e” is equal to the exponential of the exponent = minus LambertW (e”)
itself. Choosing now V' (z) as the exponent of the right-hand side in (4.9),

V(z) = — LambertW(e”) 4+ x (4.10)
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the inverse of.(4.7) is found. This is verified when inserting (4.10) in (4.7). It
yields the identical mapping = = x. Similarly, the inverse of the hysteresis
model (4.2) is given by

— 1 cz(wz—cy)
V(z) = T 9 LambertW (%e T ) . (4.11)

C1 C3 C1

4.2 The control algorithm

When applying the inverse (4.11) online, the calibration parameters a, b,
u, 7, A1, As, A3 must be determined in advance. In chapter 3 the method
has been described how to extract the numerically optimal parameters from
a set of uncorrected SPM images. This has been done by a least-squares
fit between the model (3.8) and the measured hysteresis loops. On top
of the parameters, the scan range xr as well as the scan frequency w are
quantities defined by the user of the SPM. Still one further parameter
remains unknown in the inverse (4.11). This is the voltage range Vi that
is to correspond to the desired xr. Vg is part of the constants ¢; and
¢a, equations (4.3) and (4.4), hidden in the upper turning point V3;. On
first sight, it seems as if this creates a paradoxon. Actually by means of
(4.11), the scan range Vi must be determined which results in the desired
scan range x g, yet Vg is needed in order to apply (4.11) as Vg enters as a
parameter in both the sensitivity b and the integration constants C;/,.. An
easy way out of this trouble is found by returning to the model function
(3.8). Using the calibration parameters in the original model x(V'), Vg can
be iterated for prior to the application of the inverse. The Newton-Raphson
iteration is applied to find the root of the following help function for the
range hg:

hr(Via,) = (x¢(V) —a(=V)) — xR . (4.12)

Newton-Raphson is initialized with V3 = #E. The convergence threshold is
set to 1078 It converges rapidly within 5 iterations. The root V* of (4.12)
with hg(V*;2r) = 0 as returned by Newton-Raphson is then half of the
sought voltage range Vi that corresponds to the scan range xr. Vg = 2V*
or Vyy = 2V* for a symmetric scan around the origin.

Another obstacle for the online application presents the non-analytic func-
tion LambertW(.). Again its value is calculated by applying the Newton-
Raphson method to a help function hy, for LambertW(.):



94 Chapter 4. Online application

cg(z—cy)
Let z = %™ @ * denote the argument of LambertW(.) at the position

x, then the help function for the Newton-Raphson iteration is given by
hi(w;z) =we® —z . (4.13)

Newton-Raphson is initialized with w" = z and a convergence threshold of
10~8. The root w* of (4.13) with hr(w*; z) = 0 provides the needed func-
tion value LambertW(z) = w*. The iteration has been tested for a variety
of different scan length x,..With less than 6 iterations, the convergence is
sufficiently fast in order to allow online application of (4.11) in real-time.

4.3 Experiments

After receiving the manufacturer’s permission to alter the control of the
medium tube scanner, the online algorithm is implemented to replace the
original online correction. The parameters are set as determined in the
hysteresis experiments. Two online experiments with sample 1D3000 are
performed with a period of 6 weeks between them. In order to convert
the scan range to voltage for reason of comparison with the earlier offline
calibration, the value in pum for the scan range is to be multiplied with
11.5 to yield the voltage range in V. The first set of online corrected scans
comprises the scan ranges 15.0 pm, 30.0 gm and 36.0 pm recorded at scan
frequencies of 0.1Hz, 0.2Hz, 0.5Hz, 1Hz and 1.5Hz. The second set of
experiments used scan ranges from 15.0 pm up to 35.0 pm in steps of 3.0
pm. The frequencies are between 0.2 and 1.0 Hz at steps of 0.2 Hz and one
at 1.4 Hz. The resolution of the image is set to 2048x16 pixels. This allows
a high resolution in x direction and a sufficiently low time of scanning for
a complete image.

The control algorithm of the short stack scanner has been reprogrammed
to include the correction algorithm. This is done as a Simulink model. A
problem occurred when trying to include the Newton-Raphson iteration.
The controller of the stage cannot compile algebraic loops of that kind,
where the output of an iteration step is used again as an input for the pro-
cedure. Therefore a small routine has been written in C, which has been
then pre-compiled and linked to the Simulink model. The short stack scan-
ner is programmed to scan ranges from 500.0 nm to 3.0 um, corresponding
to approximately 85% of the maximum range. The frequency is varied be-
tween 0.1Hz and 5.0 Hz. Note that the experiments for calibration only
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experiments || medium tube scanner |

scan range

15pm, 30pm, 36um

voltage range

online correction (a) 172V, 345V, 414V
1D3000 scan frequency

0.1 Hz - 1.5 Hz

see figures

4.1,4.2

scan range

15pm - 35um

voltage range

online correction (b) 172V - 402V
1D3000 scan frequency

0.2 Hz - 1.4 Hz

see figures

4.3-4.7

Table 4.1: Online experiments performed with the medium tube scanner.
The online algorithm is calibrated to the relevant experiment "calibration
frame" of the previous chapter.
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experiments

|| short stack scanner

online correction
capacitive sensors

scan range
0.5 pm - 3 ym
voltage range
35V-210V
scan frequency
0.1 Hz - 7.6 Hz
see figures
4.8,4.9

online correction
capacitive sensors
low frequency

scan range
2.5 pm

voltage range
175V

scan frequency
2 mHz

no figure

online correction
capacitive sensors
change of offset

scan range
0.5 pm - 2 pm

voltage range
35V-140 V

scan frequency

0.5 Hz, 1 Hz, 2 Hz

scan offset

-52.5 V- 4525V

see figures

4.10-4.12

Table 4.2: Online experiments performed with the short stack scanner.
The online algorithm is calibrated to the relevant experiment "calibration
frame" of the previous chapter.
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covered the frequency range of 0.1 Hz to 2.5 Hz. So the control algorithm
is tested outside the specifications of the calibration procedure.

Also on the short stack scanner, a frequency of 2mHz is used to test the
quality of the online correction when using the same set of parameters for
slow scan movements, such as occurs in the y-axis. For an image of 512x512
pixel, the scan frequency in y-direction is 1024 times smaller than in the
x-direction. The performance of the algorithm is tested for slow scanning
purposes with a scan range of 2.5 ym at 2mHz.

The online correction is also tested when scanning with an offset on the
short stack scanner. The frequency is kept constant at either 0.5 Hz, 1.0Hz
or 2.0 Hz. Then the scan range is varied between 0.5 ym and 2.0 ym in
steps of 0.5 um. The offset is then applied to the voltage signal after the
algorithm has calculated the control voltage for a symmetric scan. The
offset are from -52.5 V to 52.5 V in steps of 17.5 V.

4.4 Linearity analysis

Now the experiments are analyzed after the online algorithm has been
included in the control program of the two scanners. Two major errors of
an online correction are important.

e The residual non-linearity which determines the degree of image dis-
tortion, that is whether a certain distance within the image covers a
different amount of pixels in different parts of the image.

e The error in length calibration is the difference between the nominal
scan range x g and the defacto measured range x, = x(Vas) — 2(Vi).

Determination of z’, poses a problem, especially for the experiments with
the sample 1D3000. There, the detection of length is dependent on the
features of the sample, the flanks of the steps in a line pattern. Ideally
one flank should coincide with pixel 1, another with pixel 512. Then the
scanned distance is found by multiplying the number of periods in the
image with 3 um. The width of one pixel corresponds to approximately 30
nm, so a manual precision placement of the sample at the desired position
is almost impossible. Neither the first and/or the last pixel coincides with
a flank. Therefore the measured range is estimated in the following way.

The recorded data points (p;,z;)per scan range, pixel index p; and the
position z; of the i-th flank, are used for linear regression. This linear fit
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yields the slope ﬁ—; and offset m of the ideal line through the data as well

as the standard deviation o of the regression. The slope 2—; represents the
linear sensitivity of the scanner. The offset can be neglected because it
represents the distance between the point represented by the first pixel and
the occurrence of the first flank. This shift is not relevant for the value of
the scan range. Now the estimated measured range # is given by

_ Ax

where n is the total number of pixels, here n = 2048. The relative error in
length calibration e}"el is then defined by subtracting xr from the nominal

scan range T, and dividing the difference with zg:

L
erel .= TR TR (4.15)
TR

Note that the here defined error e}"el in fact is a correction, that means the
error is actually —el®’. However, here the choice of definition is done in
order to provide a positive error when scanning too long and a negative error
when scanning to short. This relates more obviously to the observations.
Thus elrel > 0 indicates a measured range that is longer than the preset

range, elrd < 0 indicates a shorter measured range respectively.

The error of non-linearity ¢ is calculated by dividing the standard devi-
ation o of the regression with /5.

rel g
= (4.16)

The percent values for the error are obtained by multiplying "¢ with 100.

4.4.1 Medium tube scanner

Two online experiments are performed with a period of 6 weeks between
them. In order to convert the scan range to voltage for reason of comparison
with the earlier offline calibration, the value in pym for the scan range is
to be multiplied with 11.5 to yield the voltage range in V. The result of
the first set of online corrected scans are shown in figures 4.1 and 4.2. The
residual non-linearities of this set of experiments are well below 0.3%, figure
4.1, the error in length is in the order of 0.4% and below, figure 4.2.
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Relative residual non-linear error after online correction

error [%]

-

00.3-0.4
[00.2-0.3
0.1 00.1-0.2

36
0o-0.1

30
-0

range [um]

0.2 ) o [Hz]

0.1

Figure 4.1: Medium tube scanner (a), 1D3000, tables 4.1 and 4.3. Perfor-
mance of the online correction for the residual non-linear error. The errors
are plotted versus scan range and frequency. Most errors are 0.3% and

better.
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Relative error in length after online correction

error [%]

’—0.6

15

30

range [um]

1 " @ [Hz]

15

Figure 4.2: Medium tube scanner (a), 1D3000, tables 4.1 and 4.3. Perfor-
mance of the online correction for length calibration. The errors are plottet
versus scan range and frequency. Most errors are within +0.3%.
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The second set of online experiments is done six weeks after the first in
order to verify the stability of the instrument with respect to the control
algorithm. While the relative non-linear errors are to a large part still
within 0.2%, figure 4.3, the error in length seems to have increased to
about 1.0%, figure 4.4. Obviously the scanned range is now larger than
desired, a distance corresponding to 5 pixel in a 512x512 image for each
scan range. The variation of these errors, however, is within a range of +
0.5% as can be seen in figure 4.5, with the standard deviation of 0.37%.
There all scan ranges have been multiplied with a constant factor in order
to centre the errors around 0%. This multiplication simulates an offline
correction factor which can be used to adjust the dimension of the image
offline.

The reasons for this obviously higher sensitivity can be manifold. The
temperature of the piezo material at the time of the calibration experiment
can be different from the experiments with the online correction. Apart
from the well-known fact that piezo material changes its mechanical cou-
pling factors depending on the temperature [20], even within the range
of room temperature, experiments have verified this quantitatively for the
long tube scanner in [47]. A variation of the sensitivity in the order of 1%
must always be taken into account when comparing the measurement of a
newly started SPM with one that is "warmed up” after having operated
for a few hours. In [47] this phenomenon is described where the long tube
scanner was started early in the morning, kept constantly operating until
late afternoon while recording images at each hour. It was observed that
the scanner’s response over the whole day reveals a gradual change in the
sensitivity in the order of 0.8% from start till end. Therefore it is concluded
that the calibration parameters of control algorithm and the model itself
still keep the error of length calibration within 0.37%, but that the overall
sensitivity of the instrument displays an offset. For reasons of comparison,
the typical distribution of the non-linear residuals after online correction,
figure 4.6, is presented as well as with the uncorrected and correct scan for
the range of 30.0 pm at 0.6 Hz, figure 4.7.

4.4.2 Short stack scanner

The time period between the calibration and the online application of the
model is 8 months. During this time, the instrument was dismantled, moved
to a new location and set up again. Figure 4.8 shows the relative errors
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Relative residual non-linear error after online correction

error [%]

7]

0.24

35
0.14

00.2-0.3
00.1-0.2
0o-0.1

range [pm]

o [Hz] ) 1.0

1.4

Figure 4.3: Medium tube scanner (b), 1D3000, tables 4.1 and 4.3. Residual
non-linear errors after an online correction. The errors are well below 0.5%
for each observed scan range and frequency.
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Relative error in length calibration after online correction

error [%]
1.40
1.05

[1.05-1.4

15 0.70 [0.7-1.05

00.35-0.7

[0J0-0.35

range [um ]

1.0

1.4

Figure 4.4: Medium tube scanner (b), 1D3000, tables 4.1 and 4.3. Errors
in length after online correction per scan range and frequency. Clearly the
scanned length is in the order of 1% larger than the nominal. This can be

due to arbitrary changes of the properties of the piezo.
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Relative error in length calibration after online correction,
centered around 0.0%

error [%]

00.45-0.8 0.8
00.1-0.45
0-0.25-0.1
0-0.6-0.25( 45

15
-0.25
25

--0.6
range [um]

0.6

35 0.8

1.4 o[Hz]

Figure 4.5: Medium tube scanner (b), 1D3000, tables 4.1 and 4.3. The
measured and online corrected scan ranges have been multiplied with a
constant factor in order to center the errors around 0%. This multipli-
cation simulates an offline correction factor which can be used to adjust
the dimension of the image offline after the scanning. Here it is done for

purposes of visualisation. The standard deviation of the errors around 0%
is 0.37%.
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0.15 q

Residual non-linearities after online correcting
scan range 30pum at 0.6 Hz
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Figure 4.6: Medium tube scanner (b), 1D3000. The residual non-linearity
of an online corrected scan. Most residuals are within the belt of 0.2%,
corresponding to + 1 pixel.
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Comparing the uncorrected image
with the online corrected

30 T
25 +
A
.20+
£
3
c -+
5 15
=
[
a
10 4
v 0 scan feature
—8—tr online
5 4 = %= rtonline
——uncorrected
0 t t t t t t i
0 50 100 150 200 250 300 350

<- control voltage [ V] ->

Figure 4.7: Medium tube scanner, 1D3000. An uncorrected hysteresis loop
is plotted together with the online corrected loop. The slight shift of the
two loops is caused by the arbitrary offset of the position of the sample.
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Residual non-linear error after online correction
error[%]

N

00.2-0.3
[00.1-0.2
0o-0.1

H X
® [Hz] %1 scan range [5um ]

Figure 4.8: Short stack scanner, tables 4.2 and 4.4. The relative residual
non-linear errors of the online correction versus scan range and frequency.
Even for frequencies above the highest calibration frequency of 2.5 Hz, the
overall non-linearity is well below 0.3%.
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Error in length calibration after online
correction

error [%]

00.9-1.4 1.4
0J0.4-0.9

0-0.1-0.4
0-0.6--0.1

0.4

range [5um]

Figure 4.9: Short stack scanner, tables 4.2 and 4.4. The relative error in
lenght calibration of the online correction versus scan range and frequency.
Note that the frequencies are not equidistant. The main systematic con-
tribution to the errors is given by the scan frequencies. On average it is
scanned 0.76% too far, the errors spread around the average with a stan-
dard deviation of 0.32%. Above 2.0 Hz, the error decreases monotoniously.

for the residual non-linearity, while figure 4.9 displays the error in length.

The errors for non-linearities are within 0.2% for the majority of scan ranges
and frequencies. The continuous increase of the errors for larger ranges
and higher frequencies indicates a systematic increase of the residual non-
linearity.

The errors in length show large deviations from the nominal scan range.
The scanner moves between 1.4% too far and 0.6 % too short. Neglecting
the frequencies above 2.0Hz outside the calibration frame, reveals that the
scanner always moves too long. For all scan ranges and the frequencies
between 0.1Hz and 2.0Hz, the average error is 0.76%. The variation of
the error in length around the average, as given by the standard variation
of these errors, is only 0.32%. The maximum difference from the average
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error is 0.72%. So admittedly the scan range is on average 0.76% larger
than desired, yet the variation within this systematic enlargement is 0.32%.
When scanning faster than 2.0Hz, that is outside the calibration frame, an
almost linear decrease in of the scan length is observable. This is to be
expected because the correction for the time-dependent scan error happens
in the linear part of the model. It also indicates that the abridgement of
the scan range is due to insufficient extrapolation qualities of the creep
correction of the algorithm. For the frequencies outside the calibration
frame, 3- 5 Hz, the mean error in is 0.33% with a variation of 0.5%.

The opposite behaviour is observable for very slow scans. When scanning
a range of 2.5 ym at a frequency of 2 mHz, that is 2 orders of magnitude
outside the calibration frame, the actual range is 11 % longer than the
nominal range (not shown). The residual non-linearity however remains
with 0.28 % within two pixels (not shown). This verifies the conclusion
that the scan ranges outside the calibration frame are shortened for higher
frequencies and prolonged for shorter frequencies.

Experiments with different scan offset are performed, too. Only the ex-
periments at 1.0 Hz are discussed here representatively. The results of the
other two sets at 0.5 Hz and 2.0 Hz are shown in the appendix for sake of
clarity, figures B.1 - B.4. Here, figure 4.10 displays the non-linear errors
which are well below 0.2%. Figure 4.11 shows the errors in length for
different offsets and scan ranges. On average, the actually scanned range
is 1.29% larger than the nominal. The deviation is acceptable with 0.37%.
At zero offset, the quality of the online correction does not differ from the
corresponding earlier experiments symmetric around 0.

When comparing the average error of all scan ranges per offset, figure

4.12, it can be seen that although the average error in length increases
with decreasing offset, the variation of the randomly distributed errors per
offset is within 0.2%. The systematic decrease in error with increasing
offset can be explained by the set-up of the short stack scanner. First
of all, a piezo ceramic is known to have different piezoelectric coefficients
for applied voltages in or against the direction of polarization [20]. This
does not matter for a tube scanner, because there the movement is the
result of a combined extension/contraction for opposing tube quadrants.
For a piezo stack it is different. There the extension is exclusively in the
direction of polarization and the contraction against the polarization. This
yields different forces for the two directions. In addition to this effect, the
piezo stack is pre-loaded with a spring. When assuming that the spring
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Residual non-linearity after online correction, varying
offset and scan range at constant frequency 1.0 Hz

error [%]
0.20-‘
0.154
0-107 [0.10-0.15
[0.05-0.10
0.054 o
0.00

offset [175 V] 0.1 02 0.1

scan range [5 um]
0.3

Figure 4.10: Short stack scanner, tables 4.2 and 4.4. Plotting the relative
residual errors of non-linearity for different scan offsets and scan ranges at

a constant frequency of 1.0 Hz. It is clearly seen that the non-linear error
is independent of the offset and well below 0.2 %.
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Error in length after online correction, varying offset and
scan range at constant frequency 1.0 Hz

error [%]

’rZ.SO

-2.00

[02.00-2.50
001.50-2.00
[01.00-1.50

|| 5o 00.50-1.00

0.1 L1.00

scan range [5 um]

04 0.2 ’ offset [175 V]
0.3

Figure 4.11: Short stack scanner, tables 4.2 and 4.4. The error in length
plotted versus the scan range and offset for a constant frequency of 1.0
Hz. The linear decrease with increasing offset coincides with the growing
counterforce applied by the spring. For the scan range of 0.1-5.0 um, an
increase of the error in length is noticable. This can be due to different
piezo strains for electric field applied in direction of or opposite to direction
of polarization.
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Average error of all scan ranges per offset
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Figure 4.12: Short stack scanner, tables 4.2 and 4.4. The relative errors
in length of all scan ranges of each offset are averaged and their standard
deviation determined. The error in length is reduced linearly with increas-
ing offset. Only for the positive offsets an increase in error is observable.
The linear decrease can be caused by the linear spring. For large offsets,
small scan ranges do not cross 0 V. Therefore the increase of the average
error and standard deviation for positive offsets can be caused by the un-
symmetric force exerted by a piezo stack for voltage applied in direction of
or opposite to the direction of polarization. With exception of the largest
positive offset, the errors in length per offset only vary within 0.2%.
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constant is constant for the observed ranges of extension and contraction,
the applied force of the spring on the stack is linear in the displacement.
A combination of these two effects can cause the error of length to change
with the offset as shown in figure 4.11. The smallest scan range, 500.0
nm, corresponds to a voltage of 14 V, therefore zero volt is not crossed
when using the offsets of 52.5 V or -52.5 V. At the offset 52.5 V| the error
in length increases again, indicating a change of dominance for the two
counteracting effects of spring force and piezo force.

It has been shown that the correction for non-linearity works within pixel
accuracy as does the length calibration. Although the short stack scanner
covers a distance typically 1% larger than desired, the variation within the
errors in length are in the order of 0.3% for all scan ranges and frequencies of
the calibration frame. Therefore it is concluded that the online algorithm
is stable, but the properties of the instrument have changed. The only
major inaccuracy for length calibration occurs when being applied outside
the frequency range that was used to calibrate the correction parameters.

4.5 Conclusion

The performance of the online correction has been verified successfully. The
combined model of hysteresis and creep has been inverted. The key func-
tion of the control algorithm is the function LambertW(.). This function is
not analytical. Its values are therefore determined by a Newton-Raphson
iteration. With 5 iterations it has proven fast enough for online application.
Online experiments have been carried out on two different scanners, one
tube scanner and one stack scanner. The scan ranges used are from 15.0
pm up to 35.0 um for the medium tube scanner, and from approximately
500.0 nm to 3.0 um for the short stack scanner. The frequency is varied
between 0.1 Hz and 1.5 Hz for the medium tube scanner and between 0.1Hz
and 5.0 Hz for the short stack scanner. The residual non-linearity of an on-
line corrected scan remains for both instruments within the order of 0.2%.
Only the total scanned length varies for both scanner within 1.0% of the
nominal value. However, per instrument and set of experiments, the vari-
ation is within 0.4%. Thus it can be concluded that the non-linear change
of the piezo sensitivity is modelled well by the algorithm for varous scan
ranges and frequencies, but the piezo ceramic itself changes its properties
and consequently its sensitivity changes due to environmental influences.
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| medium tube scanner || experiments | results |
scan range
15pm,30pm,36 pm
voltage range residual nonlinearity
online correction(a) 172V,345V,414V <0.3%
1D3000 scan frequency variation in length
0.1 Hz - 1.5 Hz +0.3%
see figures
4.1,4.2
scan range
15pm - 35pum
voltage range residual nonlinearity
online correction(b) 172V - 402V <0.2%
1D3000 scan frequency variation in length
0.2 Hz - 1.4 Hz +0.4% (offset 0.8%)
see figures
4.3-4.5

Table 4.3: Summary of the online experiments with the medium tube scan-
ner.

Experiments outside the calibration frame have also been done. At frequen-
cies above 2.5 Hz, the short stack scanner reveals a decrease in sensitivity
of up to 1.5% at 5Hz. For a frequency of 2 mHz, two orders of magni-
tude smaller than the smallest of the calibration frame 0.2 Hz, the scanned
length is 11% larger than the nominal of 2.5 ym. The errors of non-linearity
for both the fast and slow scan remain however in the order of 0.2%. Thus
it is concluded that the non-linearity is well corrected for all frequencies,
yet the length correction only applies for frequencies within the calibration
frame. Online experiments with different offsets also return non-linearities
better than 0.2%. The error in length however is superimposed with linear
dependencies of the sign and magnitude of the offset. This can be caused
by the mechanical set-up of a loaded spring to counter the piezo stack.



4.5 Conclusion

115

| short stack scanner || experiments

| results

scan range residual nonlinearity
0.5 pm - 3 pm < 0.2%
voltage range ;am‘ation in length
online correction 3bV-210V o . g
capacitive sensors scan frequenc inside calib. frame
P T +0.3% (offset + 0.8%)
se.eﬁ ures outside calib. frame
Y +0.5% (offset + 0.3%)
scan range
2.5 pm ) . .
. . residual nonlinearity
online correction voltage range
o 0.3%
capacitive sensors 175V error in lenath
low frequency scan frequency 9
11%
2 mHz
no figure
scan range
0.5 pm - 2 pm
voltage range
online correction 35V-140V residual nonlinearity
. scan frequency <0.2%
capacitive sensors e
chanee of offset 1 Hz variation in length
8 scan offset +0.4% (offset + 1.3%)
=025 V- +525V
see figures
4.10-4.11

Table 4.4: Summary of the online experiments with the short stack scanner.
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Chapter 5

Further results

Further results of the project are presented which are interesting to remark.
On top of the nonlinear loop, hysteresis can be the cause for transient yet
time-independent relaxation movements once the stationary scan loop is
left. This occurs for instance when scan range or scan offset is changed.
Then the piezo does not instantaneously reach a new stationary scan loop.
The differential character of the model (2.21) allows to simulate the re-
sponse of the piezo to an arbitrary voltage signal. This also leads to the
applicability in the z-direction. The rate-independent model is used to
qualitatively explain distortions in the z-direction.

5.1 Changing scan conditions

The hysteresis model (2.21) is based on an ordinary linear differential equa-
tion. This means that the solution (2.22) is flexible within the choice of
boundary conditions. By changing the boundary conditions it is possible to
study the time-independent piezo movement during for example a change
of the voltage offset during the scan process. This leads to an image dis-
tortion as seen in figure 5.1. There the sample [23] is scanned in an upward
direction at a frequency of 0.5 Hz. During the scanning, the x-offset has
been changed from -80 V to 0 V. The recorded image displays curved lines
although the lines on the sample are still straight at the new scan position.
This effect is now simulated with the model.
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)

Figure 5.1: Long tube scanner. Sample 1D3000 is scanned upwards at a
frequency of 0.1 Hz. At the centre of the image the scan offset was changed
from -80 V to 0 V while the SPM continued scanning. The curvature is
typically related to ”creep” but also contains time-independent transition.

|

Let the piezo move from a position (Vp,xo) in the trace direction. Un-
til now, the voltage range has been [V;,,Vas]. When the user now in-

troduces a shift in the scan offset AV to new scan range [V,;l, Vz/w} =

(Vi + AV, Vay + AV] with Vy < V,,, < V,;, the initial boundary conditions

for the first trace/retrace loop become:

(Vo) = o (5.1)
(Vi) = (Vi)
Solving (2.22) involving (5.1) yields:
n(v) = -2 — 4 (1 - e*fW*Vo)) + (w0 — bVp) e @(V=Y0) (5.9)
2 (V) = bV + b;“ (1 - ze‘a(VM‘V)> + (5.3)

b—u\ _af2vl—v—
+<CE0—bVo+ au)e (2va=v=to)

For each successive trace/retrace loop, the scanning occurs within the fixed

m?

peak-to-peak interval [V, V]/w}, so boundary conditions similar to (2.23)
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are applied. After n completed loops the position z}' (V,:L> is given by

2
" (V,'n) T <(1_\/§) >+q”1- (5.4)

«Q 1—gq
2
b—u (1 B 26—a(V]\//I—Vo) _ M) n
« 1—gq
n e—a(w]({—vy;—vo) <x0 ST b;uﬂ
with n > 0 and .,
q= e_ZQ(VM_Vm) . (55)

Note that for n — oo (5.5) converges to the solution at V,;l of the retrace
direction (V,;L>0f (2.24) because ¢ < 1 and

’
1—gq eaVT,n + eVu

(1 — \/6)2 Qeavv; . (5.6)

From (5.4) it follows that the distance between two succeeding points
2" (V) and 27(V) can be written as a ratio of the distance of the ini-
tial two points

[27 71 (V) =2 (V)] = " [22(V) = 2(V)] 7
or using (5.5)

[T (V) = (V)] e—2a(v1(,—v,;) (n—1)
[22(V) — 22 (V)]

(5.8)

So q defines a ratio of convergence and is a function of the material param-
eter a and scan range Vi = V;; — V,,,. Let A denote the width of the area
on the sample surface that corresponds to a pixel. Using (5.4) and solving

eIV — (V) < A (5.9)

for n yields a condition for how many scan loops are required in order to
produce an image without observable transient hysteretic response over the
next 512 scan lines.
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Simulated transient hysteresis movement
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Figure 5.2: Simulated change of voltage offset. Trajectory of the piezos
position while shifting voltage range from [-160 V, 0 V] to [-80 V, 80 V].
Due to transient hysteresis (green), the piezo requires several scan periods
at the new range in order to converge to a steady loop (red).

In figure 5.2 the simulation of the transient hysteresis movement is displayed
along with the final closed loop hysteresis. It demonstrates the movement
in the x-direction after the offset of scanning has been changed from -80 V
to 0 V. Note that this kind of curvature in figure 5.1 is often interpreted as
a time-dependent creep only, although it contains rate-independent move-
ment. For the long tube scanner, (5.9) predicts a stable images after 9 loops
which is not the case for the image in figure 5.1. Since the piezo relaxes also
in time [19], it is clear that (5.4) cannot completely quantitatively model
the observed curvature.
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5.2 Overshoot in z at step edges

Figure 5.3 shows the difference between the voltage signal and the true
height of the piezo as measured by sensors at a 106.0 nm step. The images
are recorded in trace direction on a SPM with capacitive sensors for closed
loop feedback control [16]. A profile, figure 5.4, of the differential image
reveals overshoots at the flanks of the step in the direction of scanning.
These overshoots cannot be explained by a defect of the feedback loop in
the z-direction, because this would have impact on both the height signal
as well as the converted voltage signal. So the voltage in the z-direction
decays exponentially while the piezo remains always at the same height
level. The inverse of equation (5.2) allows the simulation of a step in the
length domain, say in the z-direction, and monitor the rate-independent
response in the control voltage domain. Note that the enhanced model with
a time-dependent term (3.8) cannot be applied in the z-direction because
the movement is not periodic as in the lateral plane. This is however a
condition for the time-dependent algorithm only. The boundary condition
is set to start the movement at an initial position (xg, V) with connected
branches in the following. In order to observe transient movement due to
converging hysteresis loops, an oscillating movement in the length domain
is necessary. This can be created by instrumental noise of the feedback
loop or simply by surface roughness.

A step of 106.0 nm is simulated, superimposing a hypothetical roughness of
0.5 nm to create tiny loops in the z-direction. The result is shown in figure
5.5. There the converted voltage signal as controlled by the feedback loop
is displayed as well as the true surface. The roughness in the z-direction
is not visible to the user in neither the voltage signal nor on the surface.
However, the exponential decay of the voltage caused by the roughness is
visible and coincides qualitatively with the observed overshoot at a step in
Z.
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Figure 5.3: Trace scan of 1D3000 on a feedback control SPM with capacitive
sensors. Image (a) shows the height of the sample surface as recorded
with the voltage signal sent to the piezo. Image (b) is the simultaneously
measured height with capactive feedback sensors. Taking the difference
(a)-(b) of the recorded height values, the result (c) reveals discrepancies
after each step is passed. Two incidentally scanned dust particles can be
used as reference points.
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Figure 5.4: Profile of the differential image (c) of the previous figure. The
discrepanices are in the direction of the step, that is a positive overshoot at
a step upwards and a negative at a step down respectively. This means that
the voltage sent to the piezo overshoots and decreases then exponentially
in order to keep contact with the piecewise level sample surface.
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Simulated response of a hysteretic piezo at a step in z-

direction
T 140
+ 120
— — — — converted + 100
z-voltage
- ‘true T 80
surface —_
{60 E
=
T4 Do
[}
<
+ 20
+ + — 4= 0
0 500 1000 15p0 00 2500 3000
+ -20
440

position [nm]

Figure 5.5: Using the model for hysteresis, the overshoot at a step can
be simulated as transient hysteresis loops caused by minute noise, such as
sample roughness or variations in the control voltage. The shape of the
voltage signal is shown that is required in order to maintain a constant
contact with the sample surface. Qualitatively, the simulated overshoots
resemble the experiment, see previous figure.
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Chapter 6

Conclusions

The aim of this project was to develop an applicable online algorithm in
order to control the voltage used for an SPM so that the remaining mea-
surement error is in the order of the smallest observable unit - one pixel.
This has been achieved for a typical image of 512x512 pixels where one
pixel per dimension corresponds to 0.2%. This is summarized in table 6.1.

Three different scanners have been used, one long tube scanner for scan
ranges up to 160.0 pum, one medium tube scanner for scan ranges up to 40.0
pm, and one short stack scanner for ranges up to 5.0 um. Two samples
have been applied as reference standard for the tube scanners. The short
stack scanner is equipped with capacitive sensors. There the position of
the piezo drive is measured directly from the output signal of the sensors.

The model for hysteresis consists of the solution of an ordinary linear dif-
ferential equation with 3 parameters. This simple analytical model has
been fitted to 26 voltage ranges, a total of 2114 data points. An exponen-
tial expression is included to consider the tilting of the hysteresis loops for
varying ranges as observed in the experiments. This enhancement increases
the amount of parameters to 5. These are then fitted to all observed 48
ranges from 1.0 gm to 160.0 pum for the long tube scanner, a total of 3736
data points. This corresponds to 99% of the total range of motion of the
SPM. The modeling error for the hysteresis is well within 0.2% for most
ranges.

The second major source of image distortion is time-dependent relaxation
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instrument
| experiments Long tube | Medium tube | Short stack
volt. range volt. range
5V-440 V 140 V-460 V
offline (99% of max) (70% of max)
hysteresis frequency frequency not
chapter 2 0.1 Hz 0.5 Hz performed
error of fit error of fit
<0.2% <0.3%
volt. range volt. range
offline 172 V-402 V 35V - 315V
hysterests ot (50% of max) (80% of max)
cree requenc requenc
calib, frame || Performed J(;.1qHz-1.ZHz £.1qHz-2.gHz
chapter 3 error of fit error of fit
<0.4% <0.3%
scan range scan range
15pm-35pm 0.5pm-3pum
(50% of max) (50% of max)
online frequency frequency
hysteresis not 0.2Hz - 1.4 Hz 0.1Hz - 2Hz
creep performed non-lineaity non-lineaity
chapter 4 <0.3% <0.2%
variation variation
in length in length
+0.4% +0.4%

Table 6.1: Summary of the main results. For an image consisting of 512x512
pixels, the errors of modelling the non-linear behaviour of the piezo scanner
piezo offline is in the order of 1-2 pixel, 0.2-0.4% and better. The online
version of the algorithm corrects for the non-linearities within 1-2 pixel,
0.2-0.4% and better, too. At least half of the total possible scan/voltage
range has been checked. The scan frequencies are those typically applied
for a scan. It is concluded that the algorithm presented in this thesis can
correct for the non-linearities of any piezo-driven scanner, independent on

the piezo geometry (tube or stack).
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phenomenon, also known as creep. The model for hysteresis is adapted to
also describe the non-linear change of piezo-sensitivity for different scan
frequencies, increasing the number of parameters to 7. Two sets of experi-
ments have been performed where systematically the voltage range as well
as the frequency has been changed. The medium tube scanner has been
set to scan with varying frequency from 0.1 Hz up to 1.4 Hz and varying
voltage range from 15 pym up to 35 um. Five different ranges and six dif-
ferent frequencies resulted in a total set of 30 experiments. When fitting
the parameters of the model to them, errors better than 0.3% are returned.
The short stack scanner has performed experiments driven by a triangular
control voltage. The loops are sampled with 512 points per period. The
frequency has been varied between 0.1 Hz and 1.4 Hz, the range between
0.5 pm and 5.0 um. Here the fit of the model also yielded an error in the
order of 0.2%.

By using a least-squares-fit for the determination of the parameters, the cal-
ibration of the model’s parameters yields the numerically optimum. This
stands in contrast to the calibration procedures of commercial SPM. There
the user is required to perform a set of experiments manually and adjust
the parameters by eye-sight. The numerical method does not only deter-
mine the parameters objectively and to a higher accuracy, but it also offers
the possibility to automatize the process of calibration. In principle the
user now only needs to insert a certified length standard at the right ori-
entation into the SPM, press a button ”calibration” and return after some
time when the calibration is done. In the meantime a pre-programmed
set of images with different voltage ranges and scan frequencies has been
recorded, analyzed for its features that determine the length, and fitted to
the correction model.

After the model for hysteresis and creep has proven to simulate the mea-
sured image distortion accurately, it has been inverted to yield the algo-
rithm used for online correction. The key function of the control algorithm
is the function LambertW(.). The medium tube scanner and the stack
scanner have been programmed to incorporate the online model. The scan
ranges are from 15.0 gym up to 35.0 pm for the medium tube scanner, and
from approximately 500.0 nm to 3.0 um for the short stack scanner. The
frequency is varied between 0.1 Hz and 1.5 Hz for the medium tube scanner
and between 0.1Hz and 5.0 Hz for the short stack scanner. The residual non-
linearity of the online corrected scan remains for both instruments within
the order of 0.2%. Only the total scanned length varies for both scanner
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within 1.0% of the nominal value. However, viewed isolated per instrument
and set of experiments, the variation of the errors in length is within 0.4%.
Thus it can be concluded that the algorithm describes the non-linear change
of piezo sensitivity very well for different scan ranges and frequencies, but
the piezo ceramic itself changes its properties and consequently changes its
overall sensitivity due to environmental influences. Experiments outside
the calibration frame have also been done. At frequencies above 2.5 Hz,
the short stack scanner reveals a decrease in sensitivity of up to 1.5% be-
tween 2.5 Hz and 5Hz. Thus it is concluded that the non-linearity is well
corrected for, yet the length correction only applies for frequencies within
the calibration frame.

Further discussion of the properties of the rate-independent model revealed
that scan distortions often related to time-dependent creep also include a
rate-independent component of transient hysteresis. At a sudden change of
scan conditions, such as a change in scan offset, the hysteresis undergoes a
transient movement and converges to a new stable position after a certain
amount of loops have been performed, independent of the scan frequencies.
This behaviour in the lateral plane is also seen for the piezo response in
height. Overshoots at steep edges have been qualitatively simulated as
transient hysteresis.

Summarizing it is concluded that the aim of this work is achieved. The
residual image distortions after online correction are pixel-sized. One set of
7 parameters is universally valid for all scan ranges and frequencies. The
calibration of the algorithm can be performed automatically with a numer-
ically optimum fit algorithm. The rate-independent model for hysteresis is
flexible enough to model the lateral periodic scan motion as well as arbi-
trary changes, such as a new scan offset or even high steps on the sample
surface in the z-direction.
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Appendix A

Recorded images

In this section of the appendix, further SPM images are shown. They have
been recorded in pairs of trace and retrace in order to measure the hys-
teresis. Two reference standards have been used. One line pattern 1D3000
with a reference period of 3.0 ym and a 2-dimensional grating 2D200 with
a reference pitch of 200.0 nm. During the recording of a pair of images,
the voltage range has been changed systematically in order to obtain more
hysteretic data at once. The sample 1D3000 is applied for voltage ranges
between 50 V and 440 V peak-to-peak, while 2D200 is used for voltage
ranges between 5 V and 70 V peak-to-peak. Only one representative pair
of image is displayed for sample 2D200, for the ranges from 15 V to 30 V.
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Figure A.1: Long tube scanner, tables 2.1 and 2.2. A sample of lines spaced
by 3.0 um is scanned in trace direction. The height step between light and
dark is 106 nm. The scan size is changed during the scan from top to
bottom. The voltage ranges are between 50 V (top) to 440 V (bottom).
Note that the patterns are stretched on the left while compressed on the
right. This is due to the hysteresis of the piezo.
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Figure A.2: Long tube scanner, tables 2.1 and 2.2. A sample of lines spaced
by 3.0 um is scanned in retrace direction. The height step between light
and dark is 106 nm. The scan size is changed during the scan from top to
bottom. The voltage ranges are between 50 V (top) to 440 V (bottom).
Note that the patterns are stretched on the left while compressed on the
right. This is due to the hysteresis of the piezo.
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Figure A.3: Long tube scanner, tables 2.1 and 2.2. Trace image of a stan-

dard that consists of a 2-dimensional lattice of inverted square pyramids
with 200 nm pitch. The height step between light and dark is 70 nm. The

scan size is changed during the scan from top to bottom. The scan ranges

are between 30 Volt (top) to 15 Volt (bottom).
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Figure A.4: Long tube scanner, tables 2.1 and 2.2. Retrace image of a
standard that consists of a 2-dimensional lattice of inverted square pyramids
with 200 nm pitch. The height step between light and dark is 70 nm. The
scan size is changed during the scan from top to bottom. The scan ranges
are between 30 Volt (top) to 15 Volt (bottom).



134 Appendix A. Recorded images




135

Appendix B

Offset analysis

Online corrected experiments have been performed where the scan range,
the frequency and the scan offset has been varied. The online errors are
plotted versus the scan range and offset for a constant frequency. Here are
the figures for the experiments at 0.5 Hz and 2.0 Hz.
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Residual non-linearity after online correction, varying
offset and scan range at constant frequency 0.5 Hz

error [%]

0.20-‘

0.154

[00.15-0.20
0J0.10-0.15
[0J0.05-0.10
[J0.00-0.05

0.104

0.054
0.4

0.2
-0.1

scan range [5 um]
offset [175 V]

0.2

0.3

Figure B.1: Short stack scanner, table 4.2. The relative residual errors of
non-linearity for different scan offsets and scan ranges at a constant fre-

quency of 0.5 Hz. It is clearly seen that the non-linear error is independent
of the offset and well below 0.2 %.
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Error in length after online correction, varying offset and
scan range at constant frequency 0.5 Hz

error [%]

’72.00

-1.50

[01.50-2.00
[01.00-1.50
0J0.50-1.00

| | oo [0.00-0.50

0.1 10.50

scan range [5 um]

04 02 : offset [175 V]

0.3

Figure B.2: Short stack scanner, table 4.2. The error in length plotted ver-
sus the scan range and offset for a constant frequency of 0.5 Hz. The linear
decrease with increasing offset coincides with the growing counterforce ap-
plied by the spring. For the scan range of 0.1-5.0 pum, an increase of the
error in length is noticable. This can be due to different piezo strains for
electric field applied in direction of or opposite to direction of polarization.
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Residual non-linearity after online correction, varying
offset and scan range at constant frequency 2.0 Hz

error [%]

0.20-‘

0.154

0J0.15-0.20
0J0.10-0.15

0104 [0.05-0.10

0.054
0.4

-0.1

scan range [5 um]
offset [175 V]

0.2

0.3

Figure B.3: Short stack scanner, table 4.2. The relative residual errors of
non-linearity for different scan offsets and scan ranges at a constant fre-

quency of 2.0 Hz. It is clearly seen that the non-linear error is independent
of the offset and well below 0.2 %.
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Error in length after online correction, varying offset and
scan range at constant frequency 2.0 Hz

error [%]

’72.50

-2.00

[02.00-2.50
001.50-2.00
[01.00-1.50

| | 5o 00.50-1.00

0.1 L1.00

04 02 : offset [175 V]

Figure B.4: Short stack scanner, table 4.2. The error in length plotted ver-
sus the scan range and offset for a constant frequency of 2.0 Hz. The linear
decrease with increasing offset coincides with the growing counterforce ap-
plied by the spring. For the scan range of 0.1-5.0 pum, an increase of the
error in length is noticable. This can be due to different piezo strains for
electric field applied in direction of or opposite to direction of polarization.
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Appendix C

Glossary

calibration frame : Set of all of voltage ranges and scan frequencies that
have been considered for the calibration procedure.

creep : Time-dependent relaxation phenomenon of a piezo ceramic. A
delay of the re-orientation of the Weiss domains that occurs when a
ceramic is loaded mechanically or electrically. Overall, the ceramic
continues to deform unless countered with an opposite force.

hysteresis : Greek "to arrive late”. Closed loop of a rate-independent
relaxation phenomenon. When plotting the delayed response versus
exciting force, this almond shaped loop is formed.

online / offline : ”Ounline” describes the time during the scan process,
”offline” the time after the scanning has been completed.

relaxation : Continuously decaying response to an applied force.

scan offset : The centre point Y JQFV’" of Vg, typically 0 V for a symmet-

ric scan.

scan range =g : The length on the sample surface as observed in the
scanned image from the left-most pixel to the right-most pixel in one
line, typically noted in micrometer pum.
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sensitivity of a piezo : Linear electro-mechanical coupling factor that
determines the amount of extension per applied voltage interval. With
the model described in this paper :

bw, Var) = b+ =1

(1 — Ale_w_lﬂ'> (AQVM + Ag) (1 — C’te_“VM)
aVy

is the sensitivity of the piezo depending on the scan frequency w and
the upper peak Vj; of the oscillating control voltage for a symmetric
scan in [—Vs, Vas] around 0.V.

tilt of hysteresis loop : The slope of the line connecting the two turning
points (Vin, 2(Vin)), (Var, 2(Var)) of the hysteresis loop:

e (Var) — e (Vo) b—u
=b— h (aV
Vs b o tanh (aVyy)

s (Var;byu, ) =

trace / retrace Commonly used expressions for the scan directions left-
to-right ”trace” and right-to-left "retrace”. Typically "trace” occurs
for an increasing flank of control voltage, V > 0, "retrace” for a de-
creasing flank, V<0, respectively.

voltage range Vi : The peak-to-peak interval Vg = [V}, Vs] of the os-
cillating control voltage as sent to the piezo in order to create the
scan movement. The maximum of Vg is noted as Vi, the minimum
as V,, respectively. Typically a symmetric scan around 0 V is ob-
served, then V,,, = —Vjy.

Weiss domains Clusters of equally oriented dipoles within the piezo ce-
ramic.
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