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Abstract

The introduction of lithographic processes basedhenuse of masks allowed a tremendous
step forward in miniaturisation and commercialisatiof high-end electronic components.
Although the advantages of mask based lithograplicesses are overwhelming, they all
have to deal with the same restriction, known @& Abbe Limit, which limits the highest
possible resolution to the half of the wavelendtthe used light.

To overcome this constriction a new method was stigated, which is based on non-
propagating waves at the end of a pointed prolpedduce surface features with minimal size
smaller than 10 nm. The so called apertureless-fireddr microscope, deals with a laser
illuminated tip located at small distance (sevemahometres) to a substrate. Therefore
classical diffraction (Frauenhofer) doesn't coméo imccount but near-field diffraction
(Fresnel) is getting important. The achievable Itggmn limit is then given by the radius of
curvature of the used tip (typ. ~10 nm)

If the geometry and illumination properties are s carefully, extremely high field
enhancement (up to 90can be realised at the end of the tip, due toathenna effect,
geometrical singularities and surface plasmon r&sos

This work started with theoretical investigationmsed on a specially designed Matlab
toolbox, using the Boundary Element Method to caltulthe influence of various
experimental parameters e.g. polarisation, dieepnoperties etc. on the field enhancement
factor. Moreover thermo-mechanical studies werdopeied to understand the behaviour of
the heated cantilever system due to laser illunanaand rule out awkward experimental
setups.

The calculated results could be verified experiraknt

The mechanism of surface modification was studiét three different AFM (Atomic Force
Microscope) working modes (contact, semi-contash-oontact) at different laser parameters
(repetition rate, polarisation, energy, angle afdence etc.), and at different substrates (gold,
polymer).

The influence of thermal-energy transfer in contaccthrough radiation, incubation and heat
accumulation in the modification area was inveséda

It could be shown that surface modification is rhaidriven by thermal energy transfer in

contact or non-contact working regime and laseuded ablation is negligible.



Zusammenfassung

Die Einfuhrung lithographischer Prozesse basierandl der Verwendung von Masken
ermoglichte einen wahrhaften Boom in der Miniaterghg und Kommerzialisierung von
elektronischen Hochleistungsbauteilen. So Uberzaaligéelie Vorteile lithographischer
Maskentechniken auch sein mégen unterliegen sie dibe derselben Limitierung, dem Abbe
Limit. Dieses besagt, dass im Bereich der klassisgtik die Auflosungsgrenze durch die
halbe Wellenlange des verwendeten Lichts gegelben is

Im Rahmen dieser Arbeit wurde eine Methode untetsuelelche es erlaubt das
Beugungslimit zu durchbrechen. Dazu werden die Egaaften nicht propagierender Wellen
genutzt um Oberflachenmodifizierungen im 10 nm Be¥reu realisieren.

Bei der aperturfreien Nahfeld-Mikroskopie wird debsdand zwischen einer Spitze und einer
Oberflache bis auf wenige Nanometer reduziert. $agiit nicht mehr die klassische
Frauenhofer Beugung (Fernfeld) sondern die Fresneugldey (Nahfeld), deren
Auflésungslimit in diesem Fall durch den Krimmuragius der verwendeten Spitze, welche
wie eine Punktlichtquelle zu betrachten ist, gegelerd. Bei entsprechender externe
Beleuchtung kann es zu enormen FeldverstarkungenEnde der verwendeten Spitze
kommen (bis zu 19. Diese Verstarkung beruht auf Antenneneffektear, Singularitat am
Ende der Spitze und Oberflachenplasmonenresonanzen.

Zuerst wurden theoretische Untersuchungen zur Beusgh der Feldverstarkung bei
unterschiedlichen geometrischen und dielektrisdRendbedingungen mittels einer, auf der
Boundary Element Method (BEM) basierenden, selbstiekeélten Matlab Toolbox
durchgefuhrt, um optimale experimentelle Bedingurgegarantieren.

Weiters wurden die mechanischen Auswirkungen, dssrlinduzierten Heizens der Spitze
mittels der kommerziellen COMSOL Multiphysics Softea berechnet. Die erhaltenen
theoretischen Daten konnten auch experimentelabgstverden.

Zur Untersuchung des Mechanismus der Oberflacheffimiedung, welcher in der Literatur
immer noch kontrovers diskutiert wird, wurden Expente mit 3 unterschiedlichen
kraftmikroskopischen Arbeitsmodi (contact, semitemt, non-contact) mit unterschiedlichen
Laserparametern (Repetitionsrate, Polarisation, dimer Einfallswinkel etc.) auf
unterschiedlichen Substraten (Gold, Polymer) duztirgt.

Der Einfluss von thermischem Energietransfer im té&h oder Uber Hitzestrahlung,

Inkubationseffekte und Warmeansammlung in der Mkaliionszone wurde untersucht.



Es konnte gezeigt werde, dass der Mechanismus e&gend auf thermischer
Energietbertragung im Kontakt oder tUber Warmesirahlbasiert, und laser-induzierte

Abtragung vernachlassigbar ist.
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Introduction

1 Introduction

1.1 Scientific Challenge

In 1956 the hard disc drive for information storagges introduced by IBM. One year later the
RAMAC 305 (capacity ~4.4 Mb) was leased for 3200$ penth, which corresponds to
today's purchase price of 160.000$. About 50 y&ses a 2.5 inch 120 Gb hard disk was
available for about 80% (2010). This means thatpghee per Mbyte has decreased by 60
million times, whereas the recording density hasdased by about 150 million timés.
The innovative trend of modern technology lies ma#er, cheaper, faster and better
performance. To go this way scientists have dewslojthographic techniques to provide
mass production of microelectronic and microoptwides. Most of them deal with far field
illumination of the material, which should be maelif. So they all face the same limitation,
which is well know as the Abbe Limit:

A

d= Eqg.1
2nsina (Ea.1)

The Abbe Limit describes the theoretical spatiglohetion boundary due to the diffraction
limit of light; wheren is the diffraction indexd the wavelength and the opening angle of
the light cone.

The most widely used technique is the mask fadfagbtical lithography with wavelengths
from the near UV to the near IR domain due to séveesons, like costs and simplicity. The
typical resolution limit of UV sources is about 15M. New small wavelength EUV (Extreme
Ultra-Violet) sources enable a resolution bettemtb0 nm but this approach also requires
expensive developments of new optics, photopolynstes A 193 nm exposure tool is
approximately 15 million dollar, an EUV exposureltaround 30 million dollarg.

Several approaches have been discussed to impneveesolution like the increase of the
diffraction index by immersion (solid and liquiddhniques which enhances the resolution by
a factor of 2, mainly limited by the diffractiondax of the available materidls® or electron

beam lithography.

A completely different approach is to go beyond férefield illumination and enter the near-

field regime, where the resolution is no longefrdiftion limited. The idea of working within
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the near-field of a light source is not as new as might expect. Already in 1928 Edward
Hutchinson Synge published his idea of performipgcal near-field images by scanning a
tiny aperture in very small distances over a sefaBut it took until 1982 that Denk and Pohl
measured the first optical near-field scan tradéeiBM research laboratory. (See Ch.1.2)
The first attempts were made by shining light tiglow tiny aperture as suggested by Synge
but the best achievable resolution until now isuathb 50 nm. This limit is based on the
hindered throughput of laser light through tiny pees and on construction limitations.
Theoretically the diameter of a metallic apertwgdimited through the cut-off effect, which
means that propagating light becomes evanescent thieediameter of the aperture is below
the critical cut-off diameter (¢ 0.6\/n). This results in a drastic-dependent loss and leads
to a minimal aperture of abow/10. ® Furthermore the tip immediately reaches high
temperatures, which lead to the evaporation of rtietal coating and subsequently light
leakage. Another drawback is the bluntness ofifisedue to of the production process, which
makes it difficult to keep the tip in close proxtyn(< 5 nm) to the surface with shear force
techniques.

To overcome these problems the apertureless sacpnm@ar-field optical microscope
(@aSNOM) was developed (See Ch.1.3). Aperturelessisnéeat you do not shine through a
tiny aperture but illuminate a solid SPM (Scanniigpbe Microscopy) tip. The resolution
limit in this approach is given by the size of t8EM tip, which is currently smaller than
10nm. In theory different mechanism like surfacaspions, the lightning rod effect and the
antenna effect are mentioned to give rise to afsignt local field enhancement at the end of
the tip!®*® The strongly confined field is used to performicgit spectroscopy with high
resolution or surface modification in the nanoneetregime. The process of surface
modification is still under discussion. On one hgmbple claim that it is due to thermal
effects and on the other hand it is explained yfitsld enhancement at the end of the tip.
Nanostructuring of metal surfaces down to scalekess than 10 nm by nanosecond pulse
laser illumination of STM (Scanning Tunnelling Mascope) tips was demonstrated and
explained by near-field enhanceméhtln contradiction to this, the observation of an
increasing tunnelling current under laser illumioaton the timescale of ms (millisecond)
was taken as proof for thermal expansion and doectact even with a reduction of the pulse
length from 10 ns (nanosecond) to 100 fs (femtas@td in analogy to thermal
nanoindentation of polymefs.
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Also SPM (Scanning Probe Microscope) tips at siffity high intensities of ns laséfand

fs laser irradiation® can deliver morphological and structural changesnaterials at the
nanometric level.

Femtosecond lasers as light source for aSNOM arsidered to be reasonable due to several
inherent features, such as distinct and sharp &sengy density threshold for ablation that is
significantly lower than that for nanosecond orgen pulses, minimization of heat- and
shock-affected areas, possibility of controlled miaimg of high conductivity materials e.g.,
thin gold films, multiphoton absorption processesatding modification of transparent
targets, and greater processing selectiVity.

A crucial part for studying the origin of surfacedifications is the control of the tip-sample
gap. In STM the tunnelling current between tip aadple is the common tool for predicting
the tip to sample gap, whereas in an AFM (AtomiccEoMicroscope) setup the distance
control is a very challenging task. One way to edhis problem is the use of a shear forces
feedback mechanism. However, most of the commeAdidils are working with the light
lever principle, where the laser reflection of trexkside of a vertical flexible cantilever on a
PSD (Position Sensitive Device) is used to genetap®graphic pictures. Sophisticated
approaches such as the employment of the phaseastiéedback signal have been reported

to avoid tip contact for commercial SPM set@bs.

This work is concerned with optical field enhanceimeand confinement for an
asymmetrically illuminated nanoscopic SPM tip susfeal over different materials like gold,
polyphenylene oxide, polycarbonate or AZ4620 adogrdo an apertureless scanning near-
field optical microscope (a-SNOM). In the first gher the theoretical background is
provided. The second part describes the experiheatap of the Department of Physical
Chemistry in Vienna and the Weizmann Institute aeBce in Rehovot. In the third part the
theoretical investigations of the field enhancempatameters, following the Boundary
Element Method (BEM) and thermo-mechanical studies with COMSOL are titaisd,
underlined with experimental results. Furthermoagious experiments at different working
parameters e.g. AFM mode, laser illumination andstate material are conducted and
discussed. In the fourth chapter the results amensrised. In the fifth chapter supplementary

information on the Matlab Tool box and the Floatigp working principles is given.
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1.2 History of Near-field

It was in 1928, the 22nd of April when Edward Hubtdon Synge, an Irishman living in
Dublin described a new type of microscopic methndai letter to his colleague Albert
Einstein. Einstein agreed with the proposal of ®frgm the theoretical point of view but
called it "prinzipiell unbrauchbar" (usele$é)Nevertheless he suggested that Synge should
publish his idea in a scientific journal.

In addition to the theoretical idea of an apertoased near-field optical microscope, Synge
was also the first to implement the idea of scagyvhich is fundamental in lots of different
technologies like television, SPM or electron msmapy. In 1932 he recommended to use
piezo-electric quarz crystal for rapid and accusgi@nning as well and calculated already the
sensitivity of a piezo-electric transduc@r.

13 years later John A. O’Keefe, without knowing diicle of Synge, suggested by himself to
scan a tiny aperture to generate a picture of tifase beyond the diffraction limit of light.
The first experimental realisation was done onfgw months later by Albert V. Baez who
used acoustic wavea € 14 cm)**

More ten 10 years later Charles W. McCutchen provitdhedfirst intuitive picture for the
understanding of the image formation in near-fiejatical microscopy, with a principal
analogue to the radio receiver. But like Einsteinwas very sceptical about the potential of
this setug>

It took until 1972 that the first experimental pfoof near-field microscopy with
electromagnetic radiation was published. Eric AhAsd G. Nicholls from the University
College of London used microwaves=@cm) and an aperture of 1.5 mm to image an
aluminium test patterff. At a tip to sample distance of 0.5 mm they werke ab achieve a
resolution of A/60, which is far beyond the diffraction limit. Thealso predicted the
construction of an infrared microscope with compéraesolution.

It took more than 50 years after the first ide&ghge, that Winfried Denk recorded the first
optical scan trace at the IBM Research Laboratonidé&lischlikon, Switzerland in 1982. (Fig.
1.1) The first publication with Dieter W. Pohl apped with some delay in 1984, where they
called their setup "optical stethoscope" in analtmthe acoustic stethoscope used in medical

diagnosticg’
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Fig. 1.1: First documented evidence of a scan trace measured by an optical near-field microscope
with an aperture probe. The picture is from the laboratory book of Winfried Denk at the
IBM Laboratories in Switzerland.”
Parallel to the group of Dieter W. Pohl, Fisched a&ingsheim pioneered in the field called
nanosphere lithography. They used small particlesuspension and by evaporation of the
solvent they create a two dimensional lattice. Afteposition of a metal and removal of the
particles the remaining metal film forms the watiokvn Fischer patterif. They are used as
test samples for microscopy or Raman. One year, letel 983 Fischer and Kuhn presented
their experimental setup for near-field optical mgropy at the second Meeting of Molecular
Electronic Device$?
At the same time Aaron Lewis and co workers weymdy to realize a "scanning nanometre
optical spectral microscopé®. Their first experimental results were done by arrially
pulled glass capillary in the patch-clamp techniqlieey studied the near-field excited
fluorescence and demonstrated a resolution on rither @f the aperture (~100nrf) They
also introduced the acronym NSOM (Near-field ScagnOptical Microscope), which
changed to SNOM in 1988 to emphasize the analoggthber scanning techniques like
STM*
In 1985 John Wessel proposed a method very sirul&@ynge’s original idea, although he
didn't know his work. But he was inspired by theantion of STM by Binning in 1982 and
the discovery of SERS (Surface Enhanced Raman Sngjfér®2 He was also the first to
mention the analogy to classical antenna th&bry.
In 1991 Eric Betzig introduced aperture probes fatraethe end of a metal coated, thermally
pulled quartz fibre, which was the first commeigiaised method for fibre production in
near-field opticS* Another breakthrough was the introduction of theas force feedback,

which is the most common way of non-contact distacantrol today”
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In 1994 the first single fluorescent molecule imagespatial mapping was publish&dvhich
gave birth to the single molecule spectroscpy.

Many variations of near-field optical microscopes/é been reported, like STOM (Scanning
Tunnelling Optical Microscope) but in this work went to look on the aSNOM (apertureless
Scanning Near-Field Optical Microscope) approackedaon the commercial AFM setup.
This development of apertureless approach wentllelta the aperture based near-field
microscopy and was driven by the calculations amsurements of the field distribution
near a tiny aperture. Fig. 1.2a shows the caladléitdd distribution of an aperture. Two

intensity enhanced lobes at the rim of the aperigo®rding to the incoming polarisation are

visible.

s 1
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Fig. 1.2: The motivation of working with apertureless near-field microscopes is clearly illustrated
in these three pictures. (a) shows the calculated field distribution along an aperture,
indicated by the black ring. (b) The experimental evidence of the calculation in (a) is
provided by a single molecule fluorescence picture. (c) Scattering intensity along a thin
AlAs layer sandwiched between two GaAs half spaces. x and y are the major axis of (a).”
To improve the resolution of near-field microscgpesich is limited by the size of the
aperture due to the intensity lobes located atithescientists like Pohl suggested to reduce
the size of the rim to a single point for maximuwssalution.
Prior to the experimental evidence, as already imeed, it was John Wessel in 1985, who
proposed the concept of an apertureless scannarefiel microscope by using an elongated
metal particle, irradiated by laser light to esigtbin enhanced light field at its extremiti@s.
It was again Dieter W. Pohl together with Ulrich €ischer who realized the first
experimental demonstration of field enhancemeneatsf with an apertureless near-field
microscope by illuminating a small protrusion offea gold surfacé?
In the following years, many groups joined thieatpt and the introduction of metal tips as
scattering centres started. Especially Inouye & &ayw Boccara, Wickramasinghe and

Keilmann pioneered in the development of variolusrilnation and detection techniqu8s?

-6 -
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Pompe et al recognized that illuminating the SPMwith sufficient high laser fluencies led
to surface modifications of the investigated samplEhis was the start for a still on going
discussion about the mechanism of surface nandstiong in the near-field of a laser
illuminated tip.

A lot of work was done to show that the mechanisthased on field enhancement effééts
175257 \nhereas not less operating expense was undertakexplain the modifications by
thermal effects®®? In the second half of the 90ies especially K. biekin from the
Advanced Technical College of Munster and P. Ledd&@m the University of Konstanz
published several papers, where they tried to ptioeir theory. Although the efforts have
decreased there is still no proof of principal Liatilay.

The latest developments and applications will seussed in Chapter 1.4.

1.3 Principles of Near-field

The well know Abbe Limit, which claims that ligh&ie not be confined to dimensions smaller
than -A/2 may also be considered as a special case oéitesg’s uncertainty principle.
AX || = hi2r (Eq.2)

Ax is the position angby is the momentum, which is defined gsh/A=hk,/27z (The whole
calculation is valid fog, zas well). In a mediuni the wave vector has to satisfy:

kiz = ke + k2 + k? (Eq.3)
with ki = 2r/A; = n|ko| (ko is the wave vector in vacuurk, is the wavelength in the medium
and nis the refractive index)
So to fulfil the requirements of classical optiedjich deal with propagating light only, &l
vectors have to be real. So none of them can perahnank; according to Eqg.3. This leads to
the positional uncertainty for a propagating bedigbt:

Ax > 1|k =Ai/21 (Eq.4)
If you now claim position accuracy much bigger thlae wavelength, which leads to a>
than k, this can only be realized by at least one wawdove(k?, k?) being negative and
therefore k or k; being imaginary (See Eq.3). This means that in dhiection of the
imaginary wave vector the light field is not propéigg but following an exponential decay,

also called evanescent wave or near-fiéld.
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Although often used as equal in literature there difference between the terimgtical near-
field and evanescent waydecause the evanescent wave is just a specilofdbe optical
near-field.

As already mentioned, an optical near-field caeX@ained as non propagating wave with an
imaginary wave vector, determining its spatial aoefent. This is only possible if light is
regarded as a wave and not as a patrticle.

One example for generating a near-field is to shgtg on structures, much smaller than the
wavelength of the used light. A very simple casailde a spher& with a radius ofa,
wherea< is fulfilled. What you can observe in the far dielegion, which is also called
Frauenhofer region (in contrast to the Fresneloredor the near-field), is the scattered light
of the sphere. What is not observable in the fdfis the rapidly decaying near-field with an
expansion of about.®

A similar case would be the illumination of a snmagllerture (d<%). Beside the conventionally
scattered light a hemispherical optical near-figlth a diameter in the range of the aperture
can be observed.

To understand the reason for the extension of thar-field the first example will be
investigated a little bit more in detail. In a diefric material like in the already mentioned
sphere S the electrons stay around the nuclei vibgéther form the atoms. By shining light
on S a displacement of the equilibrium position tuthe Coulomb forces of the electric field
of the incident light takes places. This leaddeneration of electric dipole moments.

In Fig. 1.3 the spher8is composed of smaller sphe&swith a dipole moment gbyi . This
dipole moment is the vectorial sum of the eledtifiole momentg,k in S5, which arrange as
a results of the attractive and repulsive Coulontbraction with the surrounding electric
dipoles. {is thei th spherek is thek th dipole moment)
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Sphere S,
Incident light &, y )(;éﬂus: @) | Summing up p,;, |Incident light,
Py in @ sphere S,; (radius: a, ) Py;inasphere §,; (radius: a,)
Sphere S,; Electric line of force Electric line of
(radius: a,) of optical near field force of

scattered light 1

s

Sphere S
(radius: a)

Incident light

Electric field
amplitudeof light

&A Distance from surface
a

Fig. 1.3: Schematic description of the origin of a near-field around a sphere, S.%

It is valid to note that the size of the sph&emust be small enough to be considered as
having a single dipole momept;. This dipole moment oscillates in phase with thezteic
field of the incident light.

Beside the direction of the electric field vectortioé incident light also the shape and size of
the structure determines the orientation of theldipnoments. The magnitude and orientation
of the Coulomb forces is shown by the electric lioE®rce.

The electric lines of force tend to take the stuirfssible trajectory. However the electric
lines of force are not only found in but also oa Hurface, in very close proximity (Fig. 1.3).
This leads to the strong confinement of the optiesr-field.

The other type of electrical field generated byoagcillating dipole doesn't start from one
dipole moment and ends at another one but formsedIdoops of electrical force lines that
propagate into the far-field. These lines repretiemscattered liglit:

If an interface between two different materials at angle above the critical angle is

iluminated, a surface wave, called evanescent wagenerated. It doesn't carry energy away
from the surface and shows an exponential decags&kecay length is in the order of the
wavelength. (Fig. 1.4) This is in contradictiontbe decay length of the near-field around a

sphere, which is said to be in the same dimensidharadius of the sphere.
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Fig. 1.4: Scheme of an interface where an evanescent wave is created by illuminating the interface

at an angle larger than the angle of total internal reflection.”
Like in Fig. 1.3 the material is a dielectric arabge the surface is vacuum. But in this case
the boundary can be regarded as infinitely plare taerefore the orientation of the dipole
moments py; is spatially phase and wavelength dependent. Té&lisl to a periodic
arrangement of the dipole moments and no propagditiht is generated. (reason for total
internal reflection)
Summing up all the electric force lines, which eo&necting the electric dipole momepis
on the boundary, ends up in an optical near-fidlitkhess in the order of the used
wavelength. Consequently this is still in the fieddl classical optics. A widely used
application would be the ATR-IR (Attenuated Total Refion- Infrared) Spectroscopy.
The orientation of the dipole moment in Fig. 1.3esldt depend on the phase and the
wavelength of the used light and therefore the spitial quantity is the radius of the sphere,
which then determines the extension of the ne&t-Gad gives the opportunity to go beyond

the diffraction limit of light®*

1.4 Near-field Optical Microscopy

1.4.1 Basic concept

There are two main SNOM approaches found in litgeat The first one is the aperture
Scanning Near-field Optical Microscope, which wastfsuggested by Synge in 1928 and
theoretical described by the Bethe-Bouwkamp th&bf).
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Near-field Optical Microscopy

In the aperture approach a tiny aperture is scgnowmer a surface in a distance much smaller
than the wavelength to illuminate and/or colleghtifrom the tip-sample system.

The second approach is called apertureless ScaiNeagField Optical Microscope. In this
approach a small structure, usually a STM or ARMstrves as dipole, which interacts with
the sample surface and radiates homogeneous wetestable in the far-field.

Both approaches have the limitation of being onledb probe sample surfaces due to the
fast decay of the optical near-fiéltl.

In the beginning of the near-field optic most oé ttesearch was done with aperture probes
whereas in the last decade the interest of thet#otesociety shifted more and more into the
apertureless approach. This is due to severalmeaso

* Due to the singularity of an apertureless probeckbetermines the resolution it can
achieve a much higher resolution than an aperttolep Image resolution of up to 1
nm has been reporté@.®®

* The production of reproducible ultra small apersuie a challenging task, which
prohibits the cheap mass productfén.

* The optical skin depth, which defines the peneairatf light into a material limits the
optical and the lateral topographical resolutiorcduse the metal coating has to
excess the skin depth in size and leads to bigisasli curvature for aperture tips.
Therefore a single point contact can not always gb@ranteed and distinctive
differences in the topographical and near-fieldagptpicture can occuf’

* Theoretically the diameter of a metallic apertigdimited through the cut-off effect,
which means that propagating light becomes evanésgken the diameter of the
aperture is below the critical cut-off diameter=d.6\/n). This results in a drastic
A-dependent loss and leads to a minimal aperturbafta/10% "

* The spectral response of an aperture probe iselihtiyy the material of the waveguide,
whereas a metallic tip can easily be used fronaulbtet to near infrared because of
the possibility to use external optiCs.

The apertureless SNOM can further be divided mto types. The first one is the scattering
type SNOM, called (s-SNOM) where the elastic scattdight contains information of the
tip-sample interaction and is detected in the i@ldf> 4" 737>

The second one, is the tip-enhanced SNOM, wherbtadly enhanced field is used to excite

79-83

photon-matter interaction like Raman scatteriffg® fluorescence and harmonic

generatiort: &
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As already mentioned above there are several agipesan the SNOM research and so it is
not surprising that there exists a proper amountlifierent probes. In Fig. 1.5 the most

common types of tips are illustrated.

(@) (f)

_\/'
—vV—v

Fig. 1.5: (a) Dielectric aperture probe, (b) dielectric aperture probe coated with a metal film, (c)
hollow AFM cantilever for aperture SNOM, (d) AFM cantilever with or w/o metal coating
(e) STM tip, normally etched from Au, (f) metal coated aperture probe with active medium
on the aperture and (g) AFM tip with active medium at the tip end.”

Optical fibre tips are normally produced by cherhietching 8

or thermal techniques
(heating and pulling}® The typical throughput of a thermally generatgdisi about 18 due

to the small radius of the tip end. The etched tapertips nominally reach a throughput of
about 10f, because bigger cone angles can be manufactured.

The exponential decay of the light throughput wdiétcreasing aperture diameter makes it
very difficult to reach resolutions below 50 nmidtnot possible to increase the power of the
incoming laser because the damage threshold ah#tal cladding is reported to be already
around 10-20 mWP That's why extensive research has been carriedtcoumodify the
geometry of the apertu&®® This leads to the triple-tapered fibre, which gamduce
improved throughput up to 3 orders of magnitideor to the TOA (Tip on Aperture)
approach’®

The tips used for apertureless SNOM, especially A6M based SNOM are typically
commercially produced tips with the advantage ahhreproducibility and a reasonable
variety of different coating materials like Au, ®¥,C or DLC (Diamond-like Carbon).

Tips used for STM based SNOM are homemade andreeqartain knowledge to guarantee
good tip quality. Standard materials are Au or Wdiso Ag tips are used.

Depending on the system to measure different tigs saitable. A metal coated tip is
desirable, for low intensity measurements like Ranwémere the scattering cross section is
about 10 times smaller than in fluorescence, because stiiprsample coupling can occur
due to SPR (Surface Plasmon Resonance) leadingydigh enhanced fields at the end of
the tip. This field can be further increased by liledp of plasmonic surface structures like in
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SERS (Surface Enhanced Raman Scattefihdg) gain sufficient high intensities for TERS
(Tip Enhanced Raman Scattering).
Beside the different tip types the illumination mog@é&ys an important role in the
experimental setup. Depending on the transmissioftyhe sample different illumination
modes have to be chosen. In Fig. 1.6 all possildde® are displayed. For opaque samples
only illumination from the top is applicable, whasefor transparent samples the whole bunch
of varieties is accessible.

—=— {[lumination

—= detection

\I, \Y,

414N

Fig. 1.6: Different illumination modes used in SNOM setups. The left scheme shows the possibilities
for the aperture SNOM, whereas the right scheme displays the apertureless SNOM
illumination possibilities.

Below we will concentrate on the apertureless apprdmecause this is the main topic of this

work.

1.4.2 Tip enhancement

Beside the fact that apertureless probes lead terdight confinement and therefore higher
resolution, apertureless tips provide a secondradga which is summarized under the term
field enhancement. This term includes three differprinciples of increasing the light

intensity at the very end of tip.
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Surface Plasmon Resonance
The simplest approach to understand this phenomentmlook at a small spherical metal
particle, whose size is much smaller than the vemgth of light. The optical properties of
such a particle are mainly determined by the respaof the electrons upon a resonant
electromagnetic excitation and are described byliglectric function. The dielectric constant
is the sum of a contribution of the free electramsl of a contribution of the interband
transitions. The behaviour of the free electrons lba described by the well known Drude
model, which is similar to the Lorentz harmonicitiator model. The interband transition is
not important when considering alkali metals beeati®ere is no effect on the dielectric
function in the visible due to the large band gap ¢cannot be ignored if noble metals are
investigated. If the size of the metal becomes lem#ian the mean free path of the electrons,
a second damping term comes into account due tedhisions of the electrons with the
boundaries of the systefff

Working with noble metals and light in the visibi@nge can lead to a resonant collective
oscillation of unbound electron also known as SPRfé8e Plasmon Resonanc®).This
effect is qualitatively explained by Bohren and Hdihn, who described the polarizability,
as of small spheres in the quasi-static approximati@Qnasi-static means that the field is
spatially static (no retardation effects) but dagils temporally (importarmt< 1) *°*
£ -&,

£ +2¢,

as = 47a3 (Eq.5)

A is the wavelength of lighta is the radius of the spherg, is the dielectric constant of the
metal € = €' (w)+ie” " (w)) andg; is the dielectric constant of the embedding medfusually

192 Resonant behavior appears if the nominator vasigléch is valid fors = -2& and

real)
& = 0. The conditions, = 0 is not perfectly fulfilled by noble metals but gbenough to
show a clear resonance. In the case of an unifatenrel field magnitud&, (e.g. plane wave
excitation), vacuum as embedding mediumgs@Q) and ifa<x A is valid the field strength
surrounding the particlEs can be written a¥*™ 1%

& -1 3¢
E.=21 — = 1
=2 SRR EE Y (EQ.6)

Again it can be easily seen that a maximum occursrmwe; = -2 and the field strength
surrounding the particle is increased by the fafterEs/ Eg~ 38/&"".

This model is only valid for spherical particle.thie particle is of ellipsoidal shape, which is
more similar to near-field probes and the inconfialyl is along one of the principle axig (@l

= 1,2,3) the polarisability changes to:
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a =4 G7& Eq.7
T 3,431, (6,7 5,) (Ea.7)

v is the volume and; is a geometrical factdf? For every principle axis the resonance
condition follows:

%=%aﬂ5) (Eq.8)

J

In general the elongation of a spheroid leadsrexashift of the resonance condition and to an
increase in the enhancement fadtdf®
The lightning rod effect
The lightning rod effect is a well known electragtgghenomenon, where electric charges are
confined due to the shape of a conducting mateaksters are used to protect buildings
from the flash of lightning®* *°°
Given that the sharp tip of near-field probes canalssumed as a singularity, Maxwell’s
equations, which are first or second order diffeaegrequations can become singular if the
first or second derivative is not defined. Of cautke tip end is not a singularity but sharp
enough to strongly enhance the incoming fféld.
If a nanometre sized tip is now illuminated by d&ceomagnetic wave the free electrons of
the metal induce surface charges, which enhancédideat the singularity of the tip due to
charge confinement. As shown in Fig. 1.7 the psédion of the electric field component is
fundamental for this effect. When the polarisat®m@long the tip axis (right case in Fig. 1.7)
the surface charges oscillate and form a rotatipngymmetric field with the highest
amplitude at the tip end. When the electric fieddtor is aligned perpendicular to the main tip
axis, no surface charge accumulation at the tiptakes placé® Field enhancement factors
in the case of a gold tip (r = 5nm) immersed inevaluminated with 810 nm have been
calculated to be around 55. The used techniquetiveaIMP (Multiple Multipole)*’
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13 Diye

Fig. 1.7: Surface charge distribution along a metallic tip structure. If the polarisation is along the
major tip axis a standing wave with its maximum at the tip end confines the surface
charges and leads to high field enhancements. At perpendicular oriented electric field
vectors no field enhancement at the tip end is observed.”

Tip acting as an antenna

An antenna is defined as a structure built foratwlg or receiving electromagnetic waves and

transferring energy to or from a certain volutffeThe space between two antenna arms is

called feed gap and is the area where energy &aisf converting radiation into local
oscillation takes place.

There are lot of different types of antenna butehsiest one is the dipole tyfwhich can

be used as model for near-field probes as well. Wihénking of an apertureless probe-

sample system the corresponding antenna modelléd @d4 antenna. In this configuration

one of the antenna arms is substituted by a surfaceontrast to tha/2 antenna which is
made of two arms, and whose total length is hathefwavelengtf®

Whereas in the radio wave regime a metal can be asgerfect conductor, in the visible

range light can be absorbed frequency depeded®That's why a lot of work concentrated

on the fundamental differences between the radiewatennas and their optical counter

piecelll, 112

and the development of sophisticated light stmestuo guide light, build optical
switches, biosensors éf¢; '

In 1997 Girard and Martin demonstrated that alsoman plasmonic materials like tungsten
pronounced enhancement can be fotli@hey also showed a significant difference between

metals and dielectrics, besides the general lowdramcement. Calculation of the field
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enhancement vs. the opening angle of a near-fiebdeppointed out that metals have their
highest enhancement at sharp angles, dielectrais gteabout 45° cone angle.

When considering dielectric tips the antenna eféeet play an important role when the tip's
length is an odd integer multiple of half of thewsength'®® This theory was used from
Bohn et al. to calculate enhancement factors folechiec tips, like silicon, where

enhancement factors of about 15 were fotfhd.

The dipole-dipole model

Regarding the practical aspect of a near-field sdeippsample interactions also have to be
taken into account. Therefore a simple but usefateh especially for the description of

basic spectroscopic observations will be discussed.

In this approach the tip is represented by a sidglele situated at the centre of the tip end,
which is regarded as a sphere with a diametanuch smaller than the wavelength. The
external fieldEy(a) induces the tip dipolp, according td??

P, =a(a)Ey(a) (Eq.9)
whered(w) is the polarisability already described in Eqf3hE tip now approaches a surface
the external field changes by the contributionshef Fresnel fields reflected by the surface to
E, which leads to a change in the tip dipole as VIl
In the dipole-dipole model the surface is repladgd a second dipole with the same
dimensionsg, and at the same distanckfrom the boundary as the tip dipole but denoted as
image dipole.

The superposition of the fields of the tip dipgleand the image dipol@image gives now the
field above the surface. The dipole moment of thage dipole withes(a) being the dielectric

function of the sample is:

= 5@ -1 Eq.10
pimage :93 (C()) +1 t ( q )
where
ﬁ — £3(a_) -1
(@)1 (Eq.11)

Is the quasi-static Fresnel reflection coefficieBb the total induced tip dipole moment

follows:
P=0a[E, +Ee(2a+2d)] = aE, (Eq.12)

image

et is the effective polarisability of the tip-samshgstemt?*
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___a@+p
. aB (Eq.13)

167(a+d)*

The scattering efficiency of the tip consequengypehds on the magnitude of the tip dipole
which comes out of his polarisability. If the pasation of the incident light is parallel to the
surface, the image dipole is also parallel but sointo the opposite direction leading to a
partial cancellation of the total dipole moméfit.

It is obvious that the scattered signal contaifermation of the tip, the sample and about the
distance between them. So if the distance betwpeant sample is kept constant and the tip
doesn't change during the scanning process varsatiothe scattered intensity should be due

to local changes in the dielectric constant ofsthmpless(c).'?* 12 17

1.5 Application

1.5.1 Optical Nano-Lithography

In 1985 Wessel proposed in his famous article diea iof scanning a small particle nearby the
surface. He suggests using the enhanced field b#lmaparticle not only for spectroscopy
but also for what he calleslb-micrometer optical lithographyie also recommended to use
this new technique to record information at extrignhégh density*®

One of the first experimental realisations of nigld surface modification under laser
illumination was done by Pompe et al. in 1994, \ghttve generation of small hills on a gold
surface with a diameter of about 30 nm under theftian STM was demonstrat&d.

At the beginning all the research was done by STawfiguration (Dickmann, Yates,
Leiderer) because of its advantage in keepingifisample gap constant in a very narrow
range due to the exponential decay of the tunmeliirrent. It soon turned out that under
laser illumination of the tip-sample system a shasp in the tunnel current occurred, which
can be interpreted as thermal expansion of the 871

This was the starting point of a still ongoing dission concerning the origin of surface
modifications. Dickmann et &f: °* *® *"claimed that the physical origin of the surface
modification is due to the field enhancement atehe of the probe, whereas Leiderer éfal.
®! tried to proof that the most important factor fanostructuring is the thermal expansion of
the tip, which subsequently leads to indentationthef tip into the surface. This yield to

a"'12, 128, 129

extensive theoretic and experimental® work to determine the heat induced tip
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expansion. Tip expansion in the range of severalometres were calculated with and
temperature increase of 350-800° C dependent omste laser fluencg®

Despite the good distance control STM bears thedisgdvantage of operating only with
conductive samples, which is even more challengirtige sample tends to oxidise because
this demands the use of UHV (Ultra High Vacuum).eDa this drawbacks the use of AFM
based near-field optical systems was again intredidsy Dickmann et af? but already
published several years before under the taermo-mechanical writing®

In the following years a lot of research was daméhe field of one/two photon absorption,
photo-polymerisation, isomerisation and matter atign, local ablation, or depassivation in
organic and inorganic materials. An excellent oi@mis given by Royer et af°

Good evidence of the origin of near-field modifioat was published by Wurtz et al., who
investigated a locally one photon absorption fradical photon polymerization. The dye
Eosin absorbs the light and is then able to readth whe amine MDEA
(Methyldiethanolamine) to form a radical. This i@listarts the polymerization of PETIA
(Pentaerithrilol Triacrylate), which leads to atfaevelopment of a 3D network. In this
experiment the thermal component due to laser igeatould be excluded. Because Eosin
absorbs in the green, the author changed the waytblento the red where eosin doesn't
absorb but the tip is still heated and no polynaiin was observable. Also the change from
p- to s-polarisation leads no longer to a polynatian3*

Rivoal et af**® demonstrated theoretically that near-field enhamse leads to an
enhancement in the far-field as well, which was alsnfirmed by the experiments of Wurz et
al. To increase the resolution during the photoamarization a two-photon polymerization
process is chosen by Schwartz €6alUsing a metal coated Si AFM tip a resolution ofrird
was already achievable.

An extensive study was done by Bachelot et al. enfibld of matter migration, where an
azobenzene dye molecule was grafted to a polymetrixm@PMMA, Polymethyl-
methacrylate}! This dye changes his isomeric configuration dudigbt absorbance. The
change in configuration leads to a change in volofrthe polymer matrix grafted to the dye
molecule®” These effect was already investigated with fibikeO®1.*%

In the apertureless SNOM the metallised AFM tiperaped in tapping mode was illuminated
and the surface modification was investigated wvitie same tip immediately after the
illumination process. In Fig 1.8 the results in elegeence on the polarisation direction are
illustrated. So when working with s-polarized ligla) with respect to the tip major axis, no
surface modification in the near-field is visiblejt changing the polarisation direction by 90°
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with the electric field vector parallel to the @xis (b) near field modification is found. In
both cases far field fringes due to scattered lmytat visible. In (c) the dot height, which
corresponds to the field enhancement, is evaluatginst the polarisation angle, showing

reasonable angle dependence.

w0

o ~ [=:]
T T T

dot height (nm)

-DZIJ l.:l 2:3 4;] BEJ BEI 100
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| B p T
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Fig. 1.8: In (a) s-polarized light illuminates the tip-sample gap but no near-field modification is
detectable. (b) By using p-polarized light with the same laser intensity surface structures
are visible. Both cases show far field fringes. (c) shows the dot height dependency vs. the
polarisation angle."
To eliminate the far-field fringes a different iunation method was chosen. By using a
prism with the polymer on top and illuminating ttie in the evanescent field of the total
internal reflected beam the far field fringes candompletely suppressed if working at the
right incident angle. The achievable resolutiobath illumination modes was about 30 .
Grigoropoulos et al. worked with Si tips on thimfiAu surfaces, illuminating the tip sample
system under grazing incidence with an Ti:Sappliser. They claimed a resolution of about

10 nm and a field enhancement factor of about E&f (.9)**°
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Fig. 1.9: Surface modification of an Au thin film with a Si-AFM tip under fs-laser illumination. In

(a) one can see the topography of the modified area, which is evaluated in (b).”’
Although the very popular work of Grigoropoulos &t shows consistent results the
explanation of the structure formation with nealdienhancement alone is pretty ambitious.
Albeit they claimed a small tip sample separatibie, way the principle of keeping the tip-
sample gap is described, is questionable and isonitore likely that the tip was always in
contact with the surface.
Several other works have been published in thd béhear-field ablation but the mechanism

of surface structuring is still unclear.***

A very promising approach was investigates by Peibal’*?

The so calledFloating Tip
Nanolithography'uses a new technique of controlling the tip to gandistance, which is one
of the crucial parameters in the determinationhef inechanism of surface nanostructuring.
The idea is to use the phase shift of an oscitlafi&M tip, which occurs several nanometres
away from the surface as feedback signal for degtacontrol. Fig. 1.10 describes very
reasonable the different origin of surface struotur The sample is a typical photoresist
(AZ4620) illuminated by fs laser. Modification wasediated by an AFM tip made of silicon.
In Fig. 1.10(a) there is a clear modified line with displaced polymer on the edges of the
structure. This can be explained by material evatpmr. Fig. 1.10(b) shows a structure
generated by scratching the surface with the AF, tivhere pronounced material
displacement at the edges of the trench is visitile. most significant difference is obvious in
(d) and (f) which displays a magnification of tikeirsection of two lines. In (d) the two lines

show no disturbance, while in (f) the first lineogerwritten by the second one.
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Fig. 1.10: The difference between modification due to ablation (a) and scratching (b) is shown.
There is no material displacement in (c) whereas scratching leads to distinctive hills on

the edges (e). There is no influence on the intersecting lines in the ablation mode (d) in

contrast to the scratching mode(f), where the second line overwrites the first.'”

Beside the typical tip based near-field modificatiorcreate structures beyond the diffraction

limit, there are lot of different approaches. Awaerteresting one was done by Ben-Yakar et
al.

In this work the near-field of nanotube bundlesas#fed on a glass substrate was used to
ablate the glass 4-5 times below the typical afmathreshold, which is a promising tool for

fast lithographical nanostucturing of large arégs.

1.5.2 Scattering Scanning Near-Field Optical Microscopy (s-SNOM)

In the s-SNOM setup light is focused on an AFM dipd the elastically scattered light is
detected. Typically used lasers are in the rangasilble to infrared light. The resolution is
determined by the apex of the tip, which is abdirrih for commercial Si tips. Choosing the
experimental parameters carefully even higher vtiswl is claimed in literatur€. Despite the
high achievable resolution, dielectric tips do cotiple the illuminating power to the probing
gap very efficient. Therefore conductive tip maikyiare favoured and their usability has

already been analysed up to the mid-infrared retfioH{®
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The contrast in s-SNOM can easily be explained whih already discussed dipole-dipole
model. (Ch.1.4.2) This model gives a good qualitatimderstanding of the near-field optical
contrast of various material& *?* 1?7 147154\|though latest experimental resulté lead to a
slightly modified formulation derived in Eq.13.

a
1. ab (Eq.14)
167m(a+d)?

aeff = (1+ r)2

The introduction of the factofl+r), with r being the Fresnel reflection coefficient of the
sample surface, is necessary because the prevwowsilation (1+/0) is not suitable for the
description of the far-field scattered light sintean exceed unity, which would mean that
the mirror dipole radiates stronger than the tipotk. The square is explained by the
illumination of the probe via reflection from therace®>***°

It has to be mentioned thatf and a are complex values and therefore the scatteréd ikg

also complexges = sé? with the relative amplituds and the nonzero phase shft

Due to the elastic light scattering a large backgdsignal with the same frequency as the
near-field signal has to be suppressed. One dirgtattempts was made by working with an
AFM in tapping mode and taking advantage of thelinear dependence afe« with the
distance between tip and sample by electronicaltgring the detector signal at the
oscillating frequency of the tify. It soon turned out that this is not sufficient afudl
elimination requires demodulation at higher harrosni

When approach curves were measured while mappagéar-field intensity in parallel,
standing wave amplitude features occur in firsieordemodulation mode. The use of higher
harmonics excludes these features, leading to an steeper rise in the near-field signal.
When applying high harmonic demodulation modesas$ o be taken into account that
through the contact between tip and sample thdlatsan can become non-sinusoidal and
therefore artefacts could occur. The most succkasty of detecting elastic scattered light is
the interferometric concept which gives informatadyout the amplitude and the phase of the
near-field signaf® 2% 1>

According to Eq. 13 one can predict now a largenaigfor metals, medium for
semiconductors and a low signal for dielectricsisTtheoretical assumption is confirmed by
Keilmann et al. in Fig. 1.11. S-SNOM images wer¢aoted at two laser wavelengths of a

sample with three different materials.
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Fig. 1.11: S-SNOM image of three different materials with two different wavelengths. It is shown
that the resolution and the relative contrast as predicted with Eq.13 are wavelength
independent. The three materials are easily distinguishable. The scan trace shows that
there is no corresponding topographical feature which could lead to an artefact in the
optical image.”

Due to its high resolution s-SNOM has a high poéénh analytical chemistry in detecting

chemical species on the nanoscale. For this purguoseuse of light in mid IR region,

especially 3-30um is favourable. This region isgbecalled fingerprint region, which is very
typical for every molecule. First experiments hatiewn reasonable contraét, *4% 1>°

A tip induced resonance was also extensively stlidie*® 159 153 1% he tip was made of

gold illuminated off-resonance at 10.6 um. Wheré¢las SiC surface shows resonant

behaviour at this wavelength caused by phonon-pofer. The ability of mapping FIB

(Focused lon Beam) implanted zones in these crystals shown because the induced

damage leads to a strong damping that reducestrefield interactiort>

It was also demonstrated that it is possible to mha@peigenfield patterns of nanoparticles.

Therefore an Au disc with 91 nm in diameter andh20in height was illuminated by 633 nm

light, which should fit the resonance condition. rEauce the perturbation through the tip a

carbon nanotube tip was used. A dipolar surfacenpien polarition oscillation field pattern

could be recordetf!

Very useful in the semiconductor industry is thelligh of s-SNOM to probe local

conductivity>* 159162
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1.5.3 Tip Enhanced Raman Scattering (TERS)

When illuminating a surface with monochromatic tigiot only elastic light scattering but
also inelastic light scattering takes places. Tiozgss is called Raman scattering. This type
of vibrational spectroscopy is a powerful tool Iretcharacterisation of material properties.
Despite its broad operational capability its maoawback is the low scattering cross section,
which is typically 16* times smaller than that for fluorescence spectipgc

To overcome this problem field enhancement is dsdefor the applicability of this
technique. One of the first solutions was SERS gerEnhanced Raman Scattering), where
metal nanoparticles were used to provide enormnbareement factors of up to’30These
high fields allow single molecule spectroscopywad.'®?

Another approach is the field enhancement at tlleofémn antenna-like structure, such as an
AFM or STM tip. The theory of tip field enhancemehas already been discussed in
Ch.1.4.2. In the field of Raman spectroscopy lotslitgrature is published, claiming
tremendous enhancement factors of up & $6*but comparison of these values is delicate
because there are various definitions for calaujathe TERS enhancement factor. A very
convincing way of defining the enhancement faatoan experiment is described héte.

First the contrast has to be defined. It is theraetween the signal with the tip in contact
with the sample and the retracted*fih.1°%1"°

A more precise definition also takes into accounatt the far-field signal is also present as
background when the tip is in contact with the semp™"*

|

Contrast: Iwith_tip - without__tip

(Eq.15)

without__tip
Furthermore it is important to consider the difféardlumination areas for near and far-field.

If working with very thin films it is more reasonabnot to look at the areas but at the

VOIUmeEl64' 169, 172, 174, 175

— Vfocus —_ d 2 focus hfocus
EF = Contrastx ———— = Contrastx 2 X h (Eq.16)
tip ear- field

This definition still leads to some uncertainty &dese the estimation of the near-field source

near__ field

size is problematic. In most cases, the size ottimeature radius of the tip is taken, although
experiments and calculations have shown that the-firdd under the tip can be smaller than
the area of the tip’® *""For the height of the near-field it can be showat @ value in the

range of the curvature radius is reasonaffie’®*When comparing the different methods of
calculating the field enhancement in literatureome particular example, a difference in the

order of two magnitudes occtf.
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Generally the comparison between experimental tegimore useful and of higher practical
relevance, when only the contrast is taken intooaet because this value is free of
assumptions like height or diameter of the regafadds. The idea of including the different
volumes in the calculation is based on the bettenparability with theoretical results of
TERS enhancement.

One of the first reported TERS experiments in litg&a was done on dye molecules like
cresyl blue or rhodamine dyes. They bear the adganthat if choosing the right wavelength
of light resonance, enhancement can occur whealéwotronic transition fits the frequency of
the photon. Fig. 1.12 shows a typical TERS specuwtibrilliant cresyl blue (BCB)
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Fig. 1.12: A typical TERS spectrum of BCB with the tip on the surface (red) and without tip (blue).

On can clearly see that there is no proper spectrum available if the tip induced field

. . 179
enhancement is not taken into account.

A very prominent field in the tip enhanced Ramanttscmg research is the study of
nanotubes. Since their discovery in 1991 by lijiespecially carbon nanotubes have gained a
lot of attention, due to their unique physical prdpes, which derive from their 1-dimenional
structure.

Carbon nanotubes show very significant Raman banbghwcan be used to characterize
different samples. Although the way of producingbea nanotubes is quite easy the
production of defined samples (e.g. only metallis) impossible until now. So the

investigation of nanotube samples in the far-fegdidtays has to deal with an integrated signal
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over all the different types of tubes. Only vemnéi consuming purification techniques can
lead to higher quality samples.

To overcome these problems the high spatial resolaf TERS makes it to the ideal tool to
study carbon nanotubes. Enhancement factors af ap't have been reported for nanotubes
in contact with colloidal silver cluster8.

Fig. 1.13 shows a topographical study of a singidled carbon nanotube (SWNT) on glass
with simultaneously recorded near-field Raman imdgde excitation was done at 633nm and
the prominent G-band (~1600¢nwas recorded.
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Fig. 1.13: (a) shows the topography image of a SWNT on glass. In (b) the corresponding TERS
image is displayed. (c) and (d) compare a line scan (indicated in blue in the pictures) of
the topography and the Raman signal.’”

The highest resolution obtained until now is abbitnm, limited by the radius of curvature
of the tip®*

The resolution of the optical image is higher (ab®iB times) than the resolution in the
topography®> ¥ This can be easily explained by the fourth ordepethdence of Raman
signal on the field enhancement, which leads tepstetraces.

TERS can be used to image defects on isolated SWRTar to study the polarisation

dependence of the RBM and G-bafidl.

In biological samples the focus of TERS was on theestigation of DNA and the

corresponding nucleobas¥n this field also the tip enhanced CARS (CoheretitSiokes

Raman Scattering) was implemented to study the obake adenine and the DNA, as
well 185, 186
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Another field of interest can be found in surfagdatyst chemistry. Catalysts are finely
dispersed metal particles on dielectric surfadesdilumina. This system could also provide a
significant SERS effect. There are not many pulbeeat in this field up to now but TERS
will become more and more importdfit.

Many more applications of TERS, displaying the heghltial resolution and sensitivity of this

method with different systems can be found inditere.

1.5.4 Tip-enhanced Fluorescence Microscopy

Several tools in analytical chemistry can provié¢aded structural information like electron
microscopy, X-ray crystallography or NMR (Nuclear ¢gi@tic Resonance) spectroscopy, but
they all have to deal with limitations in living s¢ms due to sample preparation, the inability
to identify an individual molecule out of a heteeogous sample or the low resolution.

The classical fluorescence spectroscopy can overcath these drawbacks except the
resolution. Although there are already new appreadtke the STED (Stimulated Emission
Depletion) microscope which was developed by Stéfalh, there is enormous interest in the
development of further techniques, which lead terekiigher resolution than STED. A very
detailed overview about the developments in fddffluorescence measurements, breaking
the diffraction barrier is given by Stefan HE.

One of the first near-field fluorescence measurémaere done by Lewis and Lieberman et
al in 1991'® Besides the higher resolution, the field enhancemethe end of the near-field
probe also causes a local increase of the fluomescavhich increases the sensitivity of this
near-field approach to single fluorophore sensitivi

Fluorescence measurements in the near-field reglmays have to deal with a competition
between field enhancement induced fluorescenceeaser and signal reduction due to
quenching processé¥: 1%

In general the field enhancement is proportionaht real part of the dielectric function of
the tip while the imaginary part defines the quengtprobability. Taking this into account
metal tips which provide larger enhancement fachoesoften not favoured. Due to the higher
quenching probability they lead to a net decreasfiubrescence at short rangés.*** As
guenching and near-field enhancement are shorteraffgcts the use of non metallic tips
leads to higher contrast and resolution in dendecutar studies.

The extent of quenching can be calculatetf3?

3e,nkK
ber :[ 33] LN Eq.17
kid™ )| 2¢, +¢,|

-28 -



Application

with k; being the wave number of the fluorescerpthe quantum yield of the emitting state
in vacuum,d the distanceg the dielectric constantsg the extinction coefficient of the tip
andn the refractive index.

The fluorescence emission is a first order procasshe increase due to the enhanced field is
lost by quenching at small distances which limits tesolution for metallic tips as already
mentioned above. The resolution can be improvedsing Si tips.”’

A resolution of less than 10 nm is reported inréitare by measuring CdSe-ZnS nanorods
with a silicon AFM tip (Fig. 1.13§®

~400 200 300 400
Profile Distance (nm)

Fig. 1.14: In (a) the scan trace across a CdSe-ZnS nanorod is shown and a resolution of ~10nm is
measured. (b) gives the corresponding topography picture. (c) shows the total photon
count, where the completely blue areas are due to the blinking of the nanorod. In (d) the
scan trace of (c) is shown. The blue line is the overall photon count, whereas the red line
corresponds to the photons emitted at a tip-sample gap of 0-0.4 nm and the blue line to a
gap of 2.5-4.5 nm. It can be seen that most of the photons are emitted at a small tip-
sample gap.””

The experiments indicate that one-photon fluoreseeapectroscopy is a powerful tool, which

provides much higher contrast than claimed in dit@re, where one-photon fluorescence is

depicted to be not appropriate due to the high dpacind signat®” 1%°

To modify the fluorescence signal and to incredsedontrast high resolution fluorescence

pictures take advantage of the AFM working prineipl tapping mode, where the oscillating

tip modulates the far-field signal, which is deesttby an avalanche photodiode and
processed by a lock-in amplifier.

Another advantage of an AFM in tapping mode is plssibility to investigate biological

samples because the mechanical energy contributiothe sample is reduced in comparison

to the contact mode.
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To further increase the resolution in fluorescespectroscopy higher-order processes, like
multiphoton absorption are under investigati®h?°°?**Two-photon excitation for example
is a nonlinear process, which shows a square lgverdkence on the excitation intensity.
Therefore the fluorescence signal becomes propaitito the square of the enhancement
factor?%*

To study biological systems under realistic condisi the use of physiological environments
is essential, therefore the development of flu@ese measurements under water with high

resolution is of growing interest. Some results aleady be found in literatufé

1.5.5 Second Harmonic Generation Scanning Near-Field Optical
Microscopy (SHG-SNOM)

One of the major drawbacks of classical near-fietchniques is the poor signal-to noise ratio
since the global scattering of the illuminated asemany orders of magnitude larger than the
contribution of the local tip induced scatteringff€rent approaches to solve this challenge
are known in literature. A trivial approach is tufsthe wavelength of the detected signal, so
that the huge background signal of the excitingfitld can easily be filtered like it is done in
the tip-enhanced fluorescence microscopy. Nevarsseiluorescence microscopy has to deal
with limitations like photo-bleaching or blinking.o overcome these problems a nonlinear
approach was suggested by taking advantage of ébend harmonic generation in the
vicinity of the tip2°® 27
The field of nonlinear optics was born with theadigery of second harmonic generation
(SHG) by Franken et. at°®in 1961 and theoretically described by Amstronglebne year
later?®®
As already discussed before, the response of arialaten an incident electric field is
characterised by the induced polarisatt{n)
P@) = eoxE(w) (Eq.18)

with the linear susceptibility™. If nonlinear effects are taken into account thaltitduced
polarisationP(«) in the frequency domain can be developed in a pseses oE:

P(®) = o[ X PE(0n1) + XPE(wm2) E(Odng) + -..] (Eq.19)
The electric fields at different frequencies areated asE(wn,) and x@ is the second order
non-linear susceptibility, which describes the selcorder response like the second harmonic
generation Lw=w +«), optical rectification, sum-frequency generation difference-

frequency generation.
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Looking at the second harmonic generation the fimeuced polarisation (Eg.18) changes to
a nonlinear one:

P®(20) = eoXi PE () EX(w) (Eq.20)
The second order non-linear susceptibbkiwz) is a third rank tensor, whose complexity can
be largely reduced by symmetry considerations ef tedium. This fact bears the great
advantage of the nonlinear approach because i$ ghesopportunity to distinguish properties,
which are difficult to study with linear optié&’
So if a medium has inversion symmetry the induaedlds in the dipole approximation will
have opposite charge and therefore will cancel But. there is a symmetry break at the
interface leading to a nonlinear polarisation ia ithterfacial sheet:

P(r,t) = Ro(e M2 (Eq.21)

This enables the solely investigation of the sw@f&-1G in a medium with bulk inversion
symmetry”* When reducing the size of matter down under theytte scale of optical
wavelengths the overall geometry starts to play agomrole beside the crystallographic
symmetry?1%216
So considering a near-field probe the mirror symynistbroken along the tip axis. This gives
the unique opportunity by changing the incomingapshtion of light, or the direction of
illumination to study directional and polarisatiselection rules because the origin of the
SHG signal is a superposition of local surface mgjitudinal bulk polarisations, where the
later one can be cancelled by proper illuminatielecion. A very educative work was done
by Raschke et &t’
Besides the advantage of shifting the wavelengtthefdetected light away from the large
background, which is due to far field illuminatitime generation of a the second harmonic
light source bears a further advantage. The inieo$iSHG at the apex of a near-field probe
depends on the fourth power of the fundamentald fiahd therefore leads to higher
confinement of the SHG field, which increases thsotution as weft'® Nevertheless the
radiation pattern can still be described by a sirgicillating dipolé®
SHG measurements are also favoured for near-fiehsorements, which need high
polarisation sensitivity of the light source likeetcharacterization of magnetic of ferroelectric
materials*® In Fig. 1.15 the near-field SHG picture of feremtic domains of YMn@is

shown
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Fig. 1.15: The upper picture shows the SHG SNOM picture of YMnO,, which is in good correlation
with the modelled domain map, calculated by following the discrete dipole model. The
lower picture represents the topography.”

Depending on the second order susceptibility oftiéx?,) and the surface®’) the main

source of SHG light is situated either on the sigfar on the extremity of the tip, giving the

nonlinear analogue of the scattering type SNOMN®S!) and the near-field fluorescence

microscopy.

1.6 Laser

Described in 1917 by Albert Einstein and realizedthe first time in 1960 by Theodore H.
Maiman at the Hughes Research Laboratories in Caiiff' the new technology called
LASER (Light Amplification by Stimulated Emission d?adiation) has opened a nearly
endless variety of applications from spectroscopgldation with electromagnetic waves to
off-wall things like nuclear fusion.

Beside the continuous wave laser the pulsed lases gaore and more attention. The trend
goes to shorter pulses to increase the peak pawdeiosenable real-time measurements on the
ultra short time scale like the movement of elewrim hydrogen moleculé&?

This work will concentrate on non amplified femtosed (fs) lasers i.e. pure oscillators
because both experimental setups are based onypasof laser. Amplified laser systems
produce much higher pulse energies, in the mJ raogenly at very low repetition rates

(~kHz) due to the amplification process.
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On the other side oscillators generate high rapetitate (several MHz) but only low pulse
energies, in the nanojoule (nJ) regime. To overcdhme gap high numerical aperture
focusing optics are necessary to reach sufficitugnties (energy per area) for surface
structuring of various materials and taking advgetaf the high repetition rate for machining
at the same time.

In addition, the ablation of dielectrics in the sL@0fs regime showed a dramatic increase in
the quality of the modified area, further pushihg bperative range of oscillating fs-las&rs.
22> Although using high numerical apertures increalsedluence of an oscillator significantly
the typical output power of an oscillator is bel@@nJ and therefore still too small for many
structuring processeé&® 2>’ Two very promising approaches to increase the pamfiean
oscillator by more than one order of magnitudetheeincrease of the resonator lentjth?*°

or the increase of the pump energies (up to 20Wihie Ti:sapphire crystal from a frequency
doubled Nd:YVQ solid state laser. To avoid the creation of ingites due to high pulse
energies the introduction of a net positive cagtgup dispersion delay (GDD) has shown
satisfying result*® This so called chirped-pulse mode locking approgeherates pulses
with several picoseconds duration, which have tactmpressed beyond the cavity. Pulse
energies of more than 650 nJ can be handled aetitien rate of about 4 MHz. (Femtolasers
XL)231

For understanding the advantageous use of fs{agses in the field of surface modification
a deeper look inside the occurring processes isssacy.

In principle, laser-matter interaction starts wiitle excitation of the electronic system. So if
the energy of the incoming photon surpasses thaifgnenergy of the electrons situated in
the valance band ionisation is considered to besiples In the case of large band gap
materials, like dielectrics the typical photon aeis not sufficient for direct ionisation. The
use of high intensities, present in fs-laser puksesbles the ionisation of atoms based on
multiphoton absorption, which is a highly intensigpendent proce$¥.

If higher electric field strengths are applied tGeulomb potential, which describes the
binding condition between atomic core and electrcars be disturbed and the generation of
free electrons can occur due to tunnelling or dkierbarrier ionizatioR>> 2** Further
ionization arises from electron-electron collisiof@ssalanche ionization) and changes the

optical behaviour of the dielectric material to atai-like behaviouf>*
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Emission of free electrons from the surface leans tcharge accumulation in the upper
surface layer, which can not be compensated likeahmetals and due to the repulsive forces
between the positive charged atomic cores Coulorplosion takes placg™ 2%

In contrast to dielectrics, metals already posga®per amount of electrons in the conduction
band, which determine the optical absorption. Etett thermalisation also takes place in the
femtosecond regime. The shape and amount of mddifiaterial is determined by the
electronic thermal diffusion lengfi’

After fs-excitation within several picoseconds thkectron-phonon relaxation leads to a
thermal equilibrium between lattice and electro8sibsequently, thermal processes are
dominant, which are similar for dielectrics and at&t

In literature there are four thermal processes imeed?*® The first two are vaporisation,
which happens at every pulse length and boilingerwheterogeneous nucleation occurs at
sufficiently long laser excitation. Then subsurfdesating due to heat loss at the surface
caused by the vaporization and finally, at higlemsities phase explosion or explosive boiling
based on a rapid phase transition from a superthégted takes place.

So fs-lasers are operating in the non thermal iablaegime where the lattice is still cold
because energy input ends (fs) before the elegihomon relaxation (ps) takes place and

thermal effects are therefore diminisHéd.

1.7 Atomic Force Microscopy

Invented in 1986 by G. Binning, C.F. Quate and Ch.b&ethe atomic force microscopy
(AFM) immediately became an important tool in theld of surface analysis on the
nanoscalé®® Already one year later Binning was able to showldtiice image of a graphite
surface demonstrating the possibility of achieviagpmic resolution even at ambient
conditions?*®

In principle the method is a pretty simple one.harp probe is scanned over a surface and the
change in topography is detected via a positiorsisea device (PSD) also called four
segment diode. The interaction of the tip with s#aenple surface leads to a bending of the
cantilever, which can be regarded as a spring. ¢hages the position of the diode laser,
reflected from the backside of the cantilever anR$D.

The interactive force between the tip and the sertaan be described qualitatively by the Van
der Waals force, which describes the potentialggnef two atoms at a certain distance. The

resulting function is the well known Lennard Jopetential:
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u(r) :u{— 2[%0} +(rT0j } (Eq.22)

ro is the equilibrium distance between two atoms, Bgds the corresponding minimum

potential. The equation includes the long distasiteaction due to dipole-dipole interaction
(first term) and the short distance repulsive et&on based on the Pauli exclusion principle

(second termj*°

A Up

"":

U,

Fig. 1.16: The potential characteristics of the Lennard Jones potential. The equilibrium distance
between two non binding atoms is denoted as r, with a potential energy of U, The
distance r defines the mode of operation. The possibilities are contact (r<r,), semicontact
(r/£r) and the non-contact mode (r>r0)240

There are three modes of operation in the atomicefomicroscopy which can be

distinguished by the region,along the Lennard-Jones potential, where the A&Mperated.

(See Fig. 1.16)

Contact Mode

In the contact mode the relatiofr o is valid in most cases (Fig. 1.16). This means tha
repulsive forces are dominating the interaction &mel tip is in permanent contact to the
surface. A more general description would be thatforce between the tip and the sample,
attractive or repulsive is counterbalanced by tastie force of the cantilever. Due to the low
spring constant of a contact mode cantilever “stigkoccurs when retracting the tip from the
surface. In this case r could be larger thamNevertheless this range of operation is not very
stable.

As already mentioned the spring constant of comamtie cantilevers has to follow several
restrictions. First of all it is desirable to usevary small spring constant because this

increases the force sensitivity of the measurerardtdecreases the probability of sample or

-35-



Atomic Force Microscopy

tip degradation. To prohibit degradation the foapplied on the surface should be below the
interatomic force constants, which are about 10400 in solids but go down to 1 N/m in
biological samples. Therefore typical spring contstdor contact mode cantilevers are in the
range of 0.01-5 N/mi**

The biggest advantages of the contact mode aré,itthe very easy to realize and fast
scanning is possible. A major drawback is that etresugh cantilevers with low spring
constants are used the force applied on the suidaegher high and can easily lead to tip or
sample degradation.

A very critical point for tip degradation is thempach step. Because of the large gradient of
the attractive forces a so called “jump into cotitaccurs which produces a hard crash of the
tip into the surface. This effect cannot be overeodpecause it is due to the low spring
constant of the contact mode cantilevers, whicheasessary for wearless scanning of the
surface.

The noise level of contact mode measurements enddy the spring constant times the noise
level of the deflection measurement, due to egrntlal drift. Taking into account the typical
spectral noise density vs. frequency plot (Fig.71.&and the fact that constant mode
measurements are conducted in the frequency rah@e0b to several hundred Hz it is
obvious that there is a huge influence on the inggaity due to 1/f noise occurring in the
force detectors. To overcome this problem low terapee measurements and AFMs built

with low thermal expansion coefficient materiale desirablé**
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Fig. 1.17: The noise density of a cantilever vs. the frequency is shown. Contact mode measurements
are processed in the 1/f region and are therefore very susceptible to noise. On the
contrary semicontact measurements work in the hundreds of kHz regime and have to deal

with white noise only.”*
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Two types of operating modes within the contact enade available. One is the constant
height mode. In this mode the voltage applied @nzpiezo is kept constant and the change
in deflection of the tip during the scanning pracesrecorded. This mode is useful for very
fast scanning on flat surfaces. If the topographtpo rough the cantilever will break because
there is no feedback system active.

The second option is the constant force mode, widcimore commonly used. The force
between tip and surface is controlled by a feedlmaekhanism, which is based on a certain
deflection value, defined as setpoint. The valuthefsetpoint, which corresponds to a certain
force or pressure on the surface, is kept constaatfeedback mechanism, which retracts the
tip from the surface if the setpoint value is extabor moves towards the surface if the value
Is too low. This reduces the probability of tip dedation but also the speed of scanning.

A possibility to further decrease the probability wp or surface degradation is the
semicontact mode, sometimes also called tappingeroothtermitting contact mode.

Semicontact Mode
In the semicontact modeis oscillating around,. In other words the tip is oscillating and hits
the surface shortly within each period of oscitlati The oscillation amplitude is in the range

of several tens of nanometres and its dynamicdeatescribed as:

d’r me, | dr

m—; = —kr -| — |— + F, + F, cosat Eq.2

dt2 ( Q J dt ts d ( q 3)
wherem is the massg; is the positionk is the spring constanty, is the resonance frequency

(defined asvk/m, Q is the cantilever quality factor, which determinte® number of
oscillations until the amplitude goes down to Hg,is the force between tip and sample and
Fqis the driving force of the piezoeleméftt.

The first term of this relation describes the restpforce of the cantilever, the second term is
the energy dissipation term (mostly friction of tamntilever in air), the third is the interaction
between tip and sample and therefore also defmeglase contrast. The fourth term is the
driving force of the piezo as already mentioned.

The advantage of the semicontact mode is a lowefae the sample, important when
investigating biological samples, higher lateralalation and no lateral forces. The scanning
speed is much lower than in the contact mode.

Although most textbooks claim that the force applen the surface is lower than in the
contact mode this has to be considered more dhtidarst of all the force is determined by

the ratio of free oscillation amplitudéy and predefined working amplitudd, Due to the
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high spring constant the interaction force can esceypical values in contact mode if not
carefully chosen. Secondly the attractive forceaiirdue to the capillary effect can reach up
to 100 nN and therefore tip or sample deterioralilanin contact mode is probabff?

In the semicontact mode the force among tip anthsarswitches periodically between the
attractive and the repulsive regime. The absolwkiev depends on the free oscillation
amplitudeA, and the chosen setpoiAf which corresponds to the working amplitude. The
setpoint value has to be defined carefully to goi@e stable working conditions. Fig. 1.18

shows the change in topography caused by diffeveriting amplitudes (setpoint).
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Fig. 1.18: In image (a) in the amplitude spectroscopy the three different parameters for operation
are shown by dotted lines. In (b) the three different topographies due to the changed
scanning amplitudes indicate a stable (Amp ~ 16nm), unstable (Amp ~ 13,8nm) and
again a stable (Amp ~ 9,5nm) region starting from the top.””
The reason for the different appearance of surfapography is the variation of the
interaction force regimes. When working with smaihplitudes image formation due to
attractive forces only is possible while high amyzles guarantee a repulsive force dominated
tip sample interaction. The working regime can lgas determined by amplitude and phase
spectroscopy. Fig. 1.19 shows a typical Mag/He{t#ft) and Phase/Height (right) diagram.
The red lines denominate the attractive interaatemime and the blue lines the repulsive one.
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Fig. 1.19: In the left picture an amplitude spectroscopy and in the right picture a phase spectros-
copy of a full measurement cycle is shown. The red colour indicates the attractive
interaction regime and the blue colour the repulsive one. The switch is most obvious in
the phase spectroscopy due to its phase jump of about 90°. Choosing a setpoint in the
overlap of the forward and backward scan would lead to unstable working conditions.””

It is well know that the phase of cantilever ostihn is completely determined by the

setpoint ratior = A/A, if only elastic interaction is taken into accourh this case

@ =arcsin(r) in the repulsive regime angl = 7zarcsin(r) in the attractive regime are leading

to a phase shift of 90° for both assumptions ifT, which corresponds to free oscillation and

perfectly fits the theor§** The phase spectroscopy in Fig. 1.19 shows thegeham the
interaction regimes, which manifests in a phasepjahabout 90°. In praxis there is always
and overlap between the approach and the retractiove. This area has to be excluded
during measurements because the interplay canyeslgpp between the two interaction
regimes and artefacts may occur. Thus it is recomoiee to conduct amplitude and phase
spectroscopy prior to a surface scan to excludeblesworking parameters.

The only wearless way for sample investigatiorhis mon-contact mode, which is the most

difficult mode to establish.

Non-contact mode

If thinking of AFM as tool for atomic resolutionégmon-contact mode is the preferred mode
in literature. But despite its high potential reanrcontact mode measurements are very
sophisticated to realize and demand a deep unddmstpof the fundamental processes in the
picture formation of atomically resolved images.

The working idea in the non-contact mode is to lzei the tip only in the attractive
interaction regime between tip and sample. Theeefmnall oscillation amplitudes (< 1nm)
are necessary to discriminate the different intesagegimes and to increase the sensitivity to

short range forces and reduce the contributionmg range forces'
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In principal there are two approaches to realize-omntact mode measurements, the
amplitude modulation (AM) and the frequency modolat(FM) method. In the first one the
cantilever is driven near its resonance frequeficyt fixed amplitude. Due to tip sample
interactions during the approach process the amagitand the phase change. This shift is
used as feedback signal to stabilize the tip sardig&ance. The AM modulation working
principal is also used in the semicontact mtfdét soon turned out that the time response
(7am = 2Q/%) on changes in amplitude and phase is slow beausigh Q factors which are
preferentially used to reduce the noise duringnieasurements. So Albrecht et al. introduced
the frequency modulation mode, where the changéiseireigenfrequency taking place on a
timescale offey = 1/f.24

If the cantilever feels a constant force gradidat={0F©0z) during the oscillation cycle,
which is the case for free oscillation or in appnaation for small amplitudes, the description

of the frequency shift is simple:
Af —ih (Eq.24)
2k *© '

fo is the resonance frequency dais the spring constaft Since in the experiment the force
gradient changes by several orders of magnitudé Veitge amplitudes, a perturbation
approach is necessary to describe the frequendly 3lie perturbation approach can be

transformed to an easier expression by integrayoparts to:

Af( )———W z— )y A2~ q2dqf

whereA is the half amplitudez is the positiong” describes the deflection of the cantilever,

(Eq.25)

and ks is now a weighted averag¥. Eq.25 gives an important connection between the
frequency shift and the amplitude. If the amplitudesmall the sensitivity to short range
forces is high so amplitudes below 1 nm are defirmthe non-contact modé®

The problems are manifold like (i) thermal drifti) forces in the range of nN, (iii) low
stiffness of the cantilever for increased forceohat®on that can generate instabilities (jump
into contact), (iv)Fi is not only from the last atom at the tip end (imaot for atomic
resolution) but from many atoms, producing a backgd force (v) the non monotonic
behaviour of the frequency shift also poses a praoldor stable feedback because it can lead
to devastating tip crashes. Nevertheless the aahlevresolution compensate for the
necessary efforts to generate real non-contaainest*!

Beside the discussed approaches to measure in mtgctanode in 2007 Prior et al proposed
a feedback mechanism, similar to the AM mode blyirmg only on the phase shit? By
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measuring the decay of the evanescent field osuhface of a glass prism they were able to
confirm a constant tip to sample gap in the nmmegfor arbitrary long time. Although this
method is not eligible for atomic resolution andfets of very low scanning speed (max
100 nm/s) it provides a further method for SNOMyt@rantee measurements with a constant
tip to sample gap of a few nanomett&s.

A different geometric setup, but also based onRNE method is the shear force head. A
tuning fork with a homemade tip glued on one endssd to measure the frequency shift
relative to a reference arm when approaching aserfit will not be used in this work and

therefore not further discussed.
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2 Experimental

2.1 Setup at the Department of Physical Chemistry, Vienna

2.1.1 Laser System

At the University of Vienna, at the Department dfyBical Chemistry all experiments were
performed on a 60 fs high power Chirped Pulse Qdoill[Femtosource XL: Femtolasers
Produktions GmbH, Vienna] with a repetition rateldf MHz and a pulse energy of up to
210 nJ. (Fig. 2.1) Modelocking is realized by ausable Bragg reflector. The high pulse
energies are reached by stretching the cavity wkdalls to higher pulse energies at lower
repetition rate. The Ti:Sapphire crystal is pumpgda Verdi V-18 [Coherent, Santa Clara,
California]. A Pockels cell allows the reduction tife repetition rate from single pulse
picking up to 5kHz. The pulse duration is contdllby the use of a home built

autocorrelation before every experiment.

§ © coHERENT

-Pump Laser

SBR

JJeleaooe "Output Coupler

Fig. 2.1: The laser beam path of the Femtosource XL [Femtolasers Produktions GmbH, Vienna] is
shown. The 532nm light of the pump laser is drawn in green colour. The fluorescence and
laser light are drawn in red colours. Each mirror of the Harriott Cell reflects the laser
beam 8 times for stretching the cavity.

2.1.2 AFM

For surface investigation and aSNOM (aperturelessm@ing Near-field Optical Microscope)
applications a standard multimode SPM (Scanning@dicroscope) [Ntegra Aura, NT-

MDT, Zelenograd, Russia] was used. The detectiorciple is based on the light lever setup.
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The device provides the opportunity to scan by $ampby probe. For experiments the head
scanning system due to better optical access tdSEBM tip was chosen. The maximum
scanning area in x and y direction was 100x100 paoh B0 pum in z direction. It is also
possible to decrease the scanning area and the lopiworking with smaller driving voltage
of the piezotube, which is recommended when regctia resolution limit in the z direction.
To suppress the nonlinearity and the thermal dfifthe piezotube the scanner is equipped

with capacitive sensors.

2.1.3 Optical System

The laser beam path outside the cavity is showkign2.2. The laser passed\ plate, for
rotating the polarisation, enters a polarizer-Ptsckell-analyzer system, which enables single
pulse picking. The linear electro-optical effechigh means a change of the refraction index
due to an externally applied electric field, givasPockels cell its ability to turn the
polarisation of the incoming light proportional tbe applied voltage. To work with the
Pockels cell the polarizer and the analyzer haveat@ crossed polarisation. When voltage is
applied pulses can pass.

Then the beam travels through a prism compressoonagpensate the inherent chirp of the
laser pulse and the chromatic dispersion due ferdiiit optical components (lens, polarizer,
etc.).

To guarantee a position stable laser beam at tiv t§Pa beam stabilisation system was
installed, which works with two PSDs (Position Saws Devices) [MRC Systems GmbH,
Heidelberg, Germany] and two piezoactuators [Pieesn Jena GmbH, Jena, Germany].
The autocorrelation measurement can be performethyttime of the experiment just by
turning a flip mirror. In this setup the laser beaivided in to two equal parts by a 50:50
beamsplitter. The two beams travel different linelsere one is variable and are reunited by a
spherical mirror, which focus them on a nonlineptical crystal. 3-BaB,O,) Due to the
second order nonlinear susceptibility, which oréges in the lack of inversion symmetry, the
incoming 800 nm laser light is frequency doubled @enerates three 400 nm beams. The
collinear beam is the sum of the two k vectorshaf incoming beams and is detected by a
photodiode. This signal reaches its maximum vallrerwthe delay lines have exactly the
same length. By changing the delay line one obtainemplete autocorrelation trace, where

the pulse length can be calculated from the FWHNheffitted Gaussian pulse profile.
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I Beamsplitterl Periscope
Vi Femtosecond laser

| | 60fs  11MHz
A2 Waveplate 210n)  A=800nm

Polarisor Photodiode

Pockels cell

Polarisor

Beam stabilisation
Aperture |

Periscope
Flipmirror

Prism compression

—

Beamsplitter Periscope

—@
—>
b Periscope Dichroic mirror|

P

Autocorrelation Beam stabilisation
BBO

>H¢D Photodiode

Fig. 2.2: Experimental setup for the aSNOAM measurements. A Pockels cell for pulse picking up to 5
kHz, a prism compressor for compensation the inherent and the chromatic dispersion, an
autocorrelation for measuring the pulse length, a beam stabilisation system based on two
piezoactuators and two PSDs and the aSNOM setup (Fig. 2.3)

chromator

After measuring the pulse length the laser is raadgnter the backscattering aSNOM setup,
where the same lens is used for focusing the Esercollecting the signal. Hence we used a
dichroic mirror [FLWP-650, Melles Griot, Albuquergu New Mexico] with a cut-off
frequency of 650 nm which shifts to approximateB0&m due to the different angle of
incident (0° => 45°), for coupling out SHG (Secdddrmonic Generation) light from the tip
or fluorescence and to reduce the background (SBdedaser at 650 nm, fs laser at 800 nm)
simultaneously. The harvested light is coupled mudtimode fibre [QP600-1-SR/BX, Ocean
Optics, Dunedin, Florida], spectrally processedainmonochromator [SpectraPro 2150i,
Princeton Instruments, Trenton, New Jersey] anceated by a Peltier cooled PMT
(Photomultiplier Tube) [R6060-02, Hamamatsu, Shizaydiapan].
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The focusing lens is a double pair achromatic syg§€AC1040-Al, Thorlabs, Newton New
Jersey] for high quality laser focusing with a nuiced aperture (NA) of 0.26 and a focal
length of 42 mm. The high focal length has to beseim because of geometric limitations of
the commercial SPM head and the idea of performiegsurements in aqueous environment
under electrochemical control as well. The diamatethe focal point was measured by

cutting edge method to be approximately 7.5 um. 8hl)

Diode laser

~
800””"" 80i5>, Photodiode,”

—_— ——=_Jl| Screen o
Fast Achromate )

~ 2° tilted

fs Laser

Fig. 2.3: The focused laser beam hits the SPM tip at an angle of incidence of ~1-2° to avoid shading

of the tip end because of surface unevenness. The reflected beam is projected at a

photodiode or screen to gain an observable for the alignment. (Ch. 3.2.1.1) The picture at

the right site of the scheme shows schematically the image on the screen.
In the setup at the Department of Physical Chem(§lgy. 2.3) the laser beam illuminates the
SPM tip from the backside. The focus diameter aglot® um should guarantee, after good
alignment, that only the tip and not the cantileigeitluminated by the incoming laser beam,
which is in contrast to most other aSNOM settfp$* This approach should decrease the
influence of thermal effects discussed in Ch. 3Hictv constrain the systematic investigation
of near-field modification.
The light which is not scattered by the tip itdelit reflected from the sample illuminates an
installed photodiode or a simple screen for impngvithe reproducibility of the laser

alignment on the tip, which is a crucial part inghof the aSNOM setups.

2.1.4 Contact Measurement

To measure the contact behaviour between a SPMarigh a gold-coated surface the
measurement of voltage breakdown was chosen. Thglied setup is shown in Fig. 2.4.

The tips were coated with gold or platinum andghmples (glass or mica) were coated with
at least a 30 nm thick sputtered or evaporated lggket.

The tip was connected directly to the holder ineordo decrease the noise during
measurement. Screened cables with minimum lengthe velhosen. All devices were

connected to the same ground to avoid ground laoists from different ground potentials.
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The applied voltage between tip and surface wasgiged by a commercial lab power supply.
To avoid artefacts based on the working princigléhe switch-mode power supply a battery
with a potentiometer for voltage control was usestead. To avoid too high currents through
the tip a serial resistor with either 1 or 0.%2Mvas introduced into the circuit. Measurements
were done with a high-end oscilloscope [Waverurg®Xi, LeCroy, Chestnut Ridge, New
York] for optimum data pre-processing in combinativith a precision, high-speed

transimpedance amplifier [OPA2380, Texas Instrusiehexas, Dallas]

Diode laser

1

Fig. 2.4: A circuit built to measure the voltage breakdown due to a shortcut which is produced
when the tip hits the surface. The voltage between tip and surface has to be small to avoid
too high current densities, which could easily destroy the thin conductive coating of a SPM

tip.

2.2 Setup at the Weizmann Institute of Science, Rehovot

2.2.1 Laser System

The laser for near-field modifications at the Wegam Institute of Science is a Micra-5
[Coherent, California, Santa Clara]. This oscillapgovides tuneable bandwidth from 30-
100 nm by adjusting the in-built prism compressigve tuned the laser to approximately
50 nm bandwidth which results in a pulse length@d fs. The repetition rate is 82 MHz and
the resulting pulse energy is 6 nJ. The laser igguiwith N to keep a constant overpressure
in the housing and to avoid water and dirt adsorpéit the optical components.

The laser provides an auto mode-locking and poveeking system which works with two

in-built photodiodes for maximum working stability.
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2.2.2 AFM

The commercial SPM, XE 120 [Park System, Suwon,eprat the Weizmann setup is
mounted on an inverted microscope. The XY scarmspatially separated from the z scanner
for crosstalk elimination. Scanning area in thehnhvgltage mode is 100x100 pm in XY and
12 um in Z direction which can be decreased indhevoltage mode to one-tenth in size for
higher resolution. A drawback is that the sensediback only works in the high voltage
mode which leads to pronounced artefacts if workimgow voltage mode is necessary
(hysteresis, thermal drift). Software based comams is necessary.

An advantage is the inverted Olympus microscopdigee TE2000-U, Olympus, Tokio,
Japan] which supports the alignment of the fs-lasehe tip when working with transparent
samples or can be used for in-situ Raman measurement

Surface modification was performed by two typesS&M tips. The AC160-TS silicon tip
[Olympus, Tokio, Japan] for non-contact measuresenth no coating and the ATEC-NC-
Au [NanoWorld AG, Neuchatel, Switzerland] also fam-contact measurements but with Au

coating. (Cr/Au ~70nm thickness)

2.2.3 Optical System

The setup at the Weizmann Institute of Science agpeuch simpler (Fig. 2.5) because the
prism compression is built in the laser housing tr@ie is no autocorrelation setup installed.
Due to the lack of a Pockels cell all experimerztgehto be performed with 82 MHz repetition
rate.

A homemade shutter was used to control the illutronaof the tip. For power adjustment a
A2 plate-polarizer system was built. The differ@aiarisation angles were realized by a
secondA/2 plate installed directly in front of the lens ¢@ntrol power and polarisation
independently and to minimize spatially variatiafighe laser at the tip caused by the change
of the polarisation angle.

The divergence of the laser beam of the Micra-5tbide compensated by the installation of a

telescope.
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Polarizer Iris
Lens

Iris

Shutter

Telescope

Periscope

Fig. 2.5: Scheme of the setup at the Weizmann Institute of Science. The laser path is much shorter
than at the Department of Physical Chemistry, therefore no beam stabilisation system is
required.

The tip is illuminated from the side under an angileapproximately 14 degrees. (Fig. 2.6)

Alignment was performed by two CCD cameras. One cansesituated on top and the other

one at the bottom built in an inverted microscapdy with transparent samples).

The design of the used SPM tips enables the oligamvaf the tip in the top view, which

eases the alignment process. The focusing lensanitimerical aperture (NA) of ~ 0.2 and a

focal distance of 15 mm provides a spot diametebofut 15 pm.

Lensholder

o= 140

Fig. 2.6: The SPM tip is illuminated from the side at an angle of incidence of about 14°. The
incident laser works at 82 MHz repetition rate with 60 fs pulse length. The spot diameter
of 5 um enables the illumination of the tip with minimal illumination of the cantilever.
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3 Results and Discussion

The following chapter is divided into two major sarThe first part is dedicated to theoretical
investigations, for a better understanding of tlssgbilities and limitations of near-field
microscopy. The geometry of the studied structusegiefined by the real dimensions
provided by SPM tip manufacturers. The theoretieaults are underlined by experimental
data. The parameters influencing the field enhaecgrare studied with a Boundary Element
Method (BEM) toolbox for Matlab, developed in coog@wn with the Physical Department
of the Karl-Franzens University in Graz. The thermechanical properties are investigated
with COMSOL Multiphysics software, based on the féiritlement Method (FEM).

The second patrt illustrates the conducted expetsnanthe Department of Vienna and the

Weizmann Institute of Science.

3.1 Theoretical Investigation

3.1.1 Field Enhancement Study

3.1.1.1Introduction
In Ch. 1.4.2. the simple dipole-dipole model foriresting field enhancement factors was

already discussed. In this model the SPM tip isardgd as a sub-wavelength sized
polarisable sphere with a radius correspondindnéoradius of curvature of the tip apex and
the substrate is idealised as perfectly flat. Acoming light field excites a dipole in the
sphere, which interacts with the image dipole extih the substrate.

This is a simple method to estimate tip-samplerawigon. However for a full description of
the tip-sample system this approach is not suffici@he dipole-dipole model does not
incorporate retardation effects which have to Hesainto account when the size of the
investigated structures is comparable to the usaclength. Furthermore the reflection from
the substrate described by the Fresnel coefficemismultipoles are not includéy.

To describe more complex structures theoreticakstigations have to go beyond the
analytical solution provided by the Mie theory andull simulation of Maxwell equations is
necessary.

In literature a considerable collection of differenethods to solve tip-substrate interactions

can be found. Examples include the finite diffeesic time domain method (FDTD3® 3%

251, 222the method of moments® the generalized field propagator technigtie®>* multiple
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multipole method (MMP§? %% 2%%the Green’s function methdtf,the finite element method
(FEMY*" and also the boundary element metf5d?>°
In this work the boundary element method was chagento its low computational demand

and thus its ability to be conducted on a normakti® workstation.

3.1.1.2Theory of the Boundary Element Method (BEM)
The principle idea of the boundary element mettsothé reduction from volume differential

equations to boundary integral equations. A corer@may to describe this problem is the
guasistatic approximation, which is fulfiled whémre particle size is much smaller than the
wavelength of the light. The electrostatic Greemction (Eq.26) provides a suitable solution
scheme for solving the Poisson or the Laplace emuat there are no external charges
available (instead of the Helmholtz equation, wiseiving the full Maxwell equations) to

receive the electrostatic potenti&l.

0°G(r,r') =-4m(r -r'),  G(,r) =ﬁ Eq.26
r=r

If a plane wave excites a nanopartidlethe sources are bound to its interfadé, So inside

a certain regiom,/V; the scalar potentiaf(r) follows:
Ar) = () +§ G(r,9)0(9da Eq.27

@xiis the potential due to external excitation and)is the surface charge distribution at the
interfaces. This equation is valid everywhere eke¢phe boundaries. To fulfil the Laplace or

Poisson equation at the boundaries certain boundargitions have to be chosen, like the
continuity of the parallel electric field. This n@éges o to be the same inside and outside the
particle. Moreover the normal component of theatitgric displacement has to be continuous

too. If taken into account we get the boundarygraéequation:
‘92 + ‘El

_M1 N=2T——= Eq.28

0G(sS) ,
No(s)+¢———~g(9da’ =
) i; on (9 on E,— &

whereg und & are the dielectric functions in- and outside thetiple. By summing over the
surface elements one ends up in the main equafictheo quasistatic boundary element
method.

0G ¢
No+)|—|o =-|—=2
| Z(anju | ( an ] £q-29

The surface chargeg is now defined at a discrete surface elemient, more accurate, at a

discrete point situated at the centroid of smatfesie element (collocation method) (Fig. 3.1)
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and can easily be obtained through matrix inversiwhich is the limiting step in the
simulation because it affords a proper amount aking memory?®® 2
The surface derivative§X/ch); of the Green function connect the elemeansndj of the

surface.

a(s), h(s)

from boundary conditions...

Fig. 3.1: Discretisation of the surface with the collocation method. A continuous surface is
approximated by a discrete number of points located at the centroids of small surface
elements. The Green function, G(s-s’) connects the different points (s,s’) with each
other.”"

To include retardation effects the full Maxwell ejons have to be solved and scalar and

vector potentials have to be taken into accounichvis fulfilled by the Helmholtz equation.

If the calculation is based on the electromagnigicds instead of potentials more complex

numerical implementations are required. In the midébased BEM approach inverted

matrices are of the order bfx N, whereas in the field-based BEM approach the nestraze

of the order Bl x 3N.

A more detailed description can be found elsewfEre.

3.1.1.3Model
The BEM approach used in this work is based ondbas of Garcia de Abajo and Hofife

263 which is potential based and therefore the sfzb@ matrices is given by the numbhr,

of surface elements, instead3M in the field based approach and it is less gerereduse it
assumes bodies with isotropic dielectric functieaparated from a dielectric environment by
abrupt interfaces. Furthermore the potential baB&d/ approach has a weaker spatial
dependence, which is advantageous for the usestatibn method.

The geometric model for the simulation is based ¢apered tip with a hemispherical endcap
situated over a substrate. The laser illuminatestith from the side, like in all performed
experiment in Ch.4. The excitation mode is planeenexcitation. The dielectric properties of
the tip, the substrate and the background can dsechindependently.
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The discretisation is chosen in such a way thasaoé high gradients, like the end of the tip
or the surface underneath the tip provides an elersee below 0.1 nm2 and the mean
element size is about 30-35 nm?2. For the plateatetrahedral mesh was chosen whereas the
tip itself is meshed with a mapped mesh. The msdghown in Fig. 3.2. It is obvious that the
highest gradients are expected directly undernéahtip; therefore the highest element

density is situated there.

Fig. 3.2: Geometrical structure and mesh of the used model for the calculation of the field
enhancement behaviour. The radius of curvature is 10 nm and the average element size is
29 nm?.
In all calculations the “bemret” solver is chosemjch solves the full Maxwell equations and
therefore also includes retardation effects. Thecefof reflected waves is also incorporated

by the Fresnel reflection equations.

3.1.1.4Results
The first step in the field enhancement study ésdbtermination of the tip length used for all

investigations because it was already shown imalitee that the tip length has a huge
influence on the absolute value of the field enlkeament factor.

Earlier investigations indicated that the simulatmf short tips (< 1000nm) has to be done
very carefully because resonance effects may owduch can easily overestimate the

enhancement effects.

To avoid this resonance effect the intensity peofiver various tip lengths at constant

excitation wavelength (800 nm) was calculated. g B.3 and 3.4 the difference between

silicon and gold tips is shown. The tip length lsen between 80 nm and 300 nm, where
300 nm in length is close to the maximum size podssio be calculated with the used

workstation. (18 GB memory). The angle of incidenelative to the surface was 1.5 °. The
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discretisation of the tip was always adapted to ribes tip length to guarantee the same
element size for every tip size.

The radii of the Si and the Au tips were choseroating to the specifications, provided by
the manufacturer and set to be 10 nm for Si andné3or the Au tips. The pure Silicon tip
shows moderate dependency on the tip length, ath@uresonance peak at a tip length of
approximately 240 nm is observable. Similar behavitnas already been reported in

literaturé® and was explained by the antenna effect.
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Fig. 3.3: Field enhancement versus tip length for a silicon tip with a radius of 10 nm. A resonance
peak appears at approximately 240 nm tip length. Similar behaviour was described in
literature by K. Kern et al. and is shown in the insert.”

For a gold tip the resonance behaviour is much mpooeounced because surface plasmon
resonance comes into account (Fig. 3.4). A sinfikdraviour was observed by J.F. Martin et
al. He calculated even longer tips and showed ttmatfield enhancement increases slowly
with increasing tip length. The strong resonancekpge appearing for short tips due to
standing waves from reflected surface plasmon pote?®* decrease for increasing tip
length.

Because in practice it is difficult to find the ekageometry, which fits the resonance

conditions for the available laser wavelength, thak will concentrate on the off-resonance

behaviour.
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Fig. 3.4: Field enhancement versus tip length for a gold tip with a radius of 65 nm. In the insert the
y-axis is zoomed to visualise the off-resonance behaviour-
The distribution of the field intensity for a sitin tip situated at a distance of 2 nm over a gold
surface is shown in Fig. 3.5. The laser illuminatestip at an angle of 1.5 °. The tip length is
300 nm. The field enhancement was calculated fsrgeometry to be at a factor of 8, which
is quite moderate. The major reason for this mdadeemhancement is the small angle of
incidence because based on the calculation of Eresilection coefficients the field
enhancement is prohibited by the reflected wavenfiloe surface underneath for small angles
of incidence (Fig. 3.7)
The diameter of the silicon tip is 20 nm and issistent with the guaranteed diameter of the
tip manufacturer. The field under the silicon paven more confined, enabling a possible

structure size even smaller than 10 nm.
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Field intensity |E|?

Fig. 3.5: Field enhancement in the tip sample gap of a silicon tip with a radius of 10 nm at a
distance of 2 nm to a gold surface. The incident laser is coming from the left side under an
angle of 1.5°. The polarisation is parallel to the major axis of the tip.

In Fig. 3.6 the field intensity distribution forgmld tip at a distance of 2 nm away from a gold

surface is shown. The diameter of the tip is 130 Alhother parameters are the same as in

Fig. 3.5. The field enhancement calculated for theemetry is even smaller than for the

silicon tip. This is not astonishing because th&uwations were done at off-resonance

conditions and the diameter of the tip is approxatya6 times bigger than for the silicon tip.

It is already accepted in literature that the fieldhancement decreases with increasing radius,

because the field confinement also decreases.

In Fig. 3.6 the minimal structure size is more th&mnm, which is small compared to the tip

diameter but already 50% bigger than for the silitip.
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Field intensity |E|*

Fig. 3.6: Field enhancement of a solid gold tip with a radius of 65 nm at a distance of 2 nm to a
gold surface. The incident laser is coming from the left side at an angle of 1.5°. The
polarisation is parallel to the major axis of the tip.

It was already noted that the angle of incidenayplan important role concerning the

maximum field enhancement. This can be explainethbyfact that the incoming wave will

be reflected at the surface underneath the tighase shift of 90° will be introduced and no
enhancement takes place.

One of the most prominent theoretical works fronvétay et al*®® claims that it is important

to have the electric field vector aligned along thajor tip axis but this is only true if the

calculation is done without a surface underneagttith

In Fig. 3.7 the field enhancement is plotted vettbasangle of incidence for a silicon tip with

a radius of 10 nm. The angle was increased up tpwi@ich corresponds to tip illumination

parallel to its outer border. The half cone andl¢he calculated tip was 20°. Higher angles

are not reasonable, because the tip end will ngelohe illuminated.

For the geometry chosen it turns out the highdshaity is reached at an angle of incidence

of about 20°, which is slightly above the 14° readi at the setup at the Weizmann Institute of

Science. As already pointed out in Fig. 3.5 thielfenhancement is negligible for the grazing

incidence.
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Fig. 3.7: Angle of incidence vs. field enhancement for a silicon tip with a radius of 10 nm. No
enhancement is visible for 0°, which could be explained by the phase shift of the reflected
wave. The maximum enhancement is situated at 20°.

The behaviour of a solid gold tip with a radius © nm is slightly different. The

enhancement is even worse for small angles andhesats maximum at 50°. It has to be

noted that even though the radius of the gold gipnore than 6 times bigger than of the
silicon tip the maximum field enhancement at thémpm angle of incidence is nearly four
times higher.

Besides the interference of the incoming and redtbaave, multipole excitation is also

assumed to influences the characteristic of tHd Behancement dependency on the angle of

incidence’®
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Fig. 3.8: Angle of incidence vs. field enhancement for a gold tip (r=65 nm). The enhancement at
small angles is worse than for the silicon tip but the maximum field enhancement is nearly
4 times higher than for the silicon tip with the smaller radius.
A strong component of the electric field vectorgll to the major tip axis is important to
guarantee high field enhancement, although it vasve that the angle of incidence and the
vicinity of a surface influence this characteristexisively.
The dependency of the field enhancement on theigateon direction of the incoming laser
light is typically shown as cosine function in tagure?®>?°® In Fig.3.9 this typical behaviour
was simulated. Therefore a silicon tip with a radaf 10 nm was calculated. The tip was
situated 2 nm away from a gold surface and wasnihated by laser pulses at varying
polarisation angles. In this calculation 0° is eqlent to p-polarised light in respect to the
major tip axis and 90° corresponds to s-polarisatiss expected the highest enhancement

can be observed for a strong electric field compbparallel to the major tip axis.
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Fig. 3.9: Simulated polarisation dependency of Si tip with r = 10nm at an incidence angle of 14°.
The spacing between the silicon tip and the gold surface is 2 nm. The characteristic of this
curve is already known in literature."”
It is well known that the illumination of the tipaases heating of the whole system and
therefore changes the mechanical properties ofdhélever, which is necessary for the light
lever principle of SPM based near-field devices.
These changes can be utilised to determine the eéi@tyve of the tip. For oscillating
cantilevers the shift in the resonance frequencg wl@gsen as reasonable tool for easily
estimating the temperature of the 1p.
As the resonance frequency shift is caused byvkeatl heating of the tip-cantilever system,
a complementary tool is necessary to calibrate rdsonance frequency shift with the
temperature of the tip. For this Raman spectroseas/favoured because silicon tips provide
a Raman mode which is highly temperature deperfdént.
The combination of these two techniques was donerby6PM mounted on an inverted
microscope. The conducted experiments indicatesanence frequency shift of approx. 1Hz
for 1 K tip temperature rise for the investigatgdtem**°
Wang et al. calculated the tip temperature as atifum of the polarisation angle and the

temperature showed a similar characteristic afiglleenhancement calculated in Fig. 3.9.
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In this work Wang’s simulation was investigated exmentally on the Weizmann setup,
where the resonance frequency based approach watoped. Therefore the resonance
frequency shift for different polarisation angleasndetermined.

In Fig. 3.10 the measured values are depictecadttt be noted that the determination of the
resonance frequency is only possible without aaserfnearby because this would prohibit
accurate measurements.

The characteristic of the curve fits perfectly theoretical prediction, except for the extreme

values, where buckle occur.

20
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Fig. 3.10: Measured frequency change due to the heating of the cantilever for a silicon tip. The lack
of the reflected wave influences the charge distribution at the tip and therefore leads to
the buckle indicated by the red marks. 0° means vertical aligned electric field vector. The
y-axis is inverted for better comparison.
To understand this behaviour further simulationgewperformed, where the model was
adopted to the changed boundary conditions ananetl out that due to the lack of a surface
underneath the tip, no reflected wave emerges lamefore the distribution of the surface
charges is slightly shifted leading to a bucklghs# field enhancement factor at the extreme
values of the curve.
The simulated curve without a surface nearby isvshim Fig. 3.11. The buckle is not that

much pronounced than in the experimental work heiténdency is the same.
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Fig. 3.11: Simulated polarisation dependency for a silicon tip, illuminated at 14° angle of incidence

and no surface underneath. The same behaviour can be observed for a blunt Si tip close

to the surface.
A reason for the different appearance of the buckietheory and experiment could be the
differences in shape of the ideal structure (sitedlpand the real structure (measured),
because a change in the geometry also influeneeshracteristic of the curve, demonstrated
in Fig. 3.12 and 3.13, as well.
The illumination parameters are the same, butamélever is gold coated now. Therefore the
radius is much bigger. The influence of radius n¢yovisible for the s-polarisation. The p-
polarisation is unaltered.
In the simulation the dipole character of the @mighes for big radii and multipole excitation
takes place, especially for s-polarisation. Thedketo the occurrence of the local maximum
for s-polarisation.
It has to be noted that the absolute frequency shihe gold coated cantilever is nearly four
times smaller than for the silicon cantilever. Tiniay be explained by the higher reflectivity
of gold for 800 nm laser light compared to silicmnby the homogeneous gold coating which
minimises the bimetallic influence, in contradictito the silicon cantilever, where only the
upper part of the cantilever is coated. Measuresnarth uncoated silicon cantilever will

explain the origin of this effect.

-61 -



Theoretical Investigation

It has to be considered that the influence of thengetry of the simulated tip on the absolute
field enhancement values is enormous. Thereforis itnportant to carefully choose the

geometries for simulation.
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Fig. 3.12: Measured frequency shift of a gold coated silicon cantilever. The drift in the absolute
frequency values is the overall heating effect of the whole system. The y-axis is inverted
for better comparison.

Especially simulations with tips shorter than 1008 are very sensitive to changes in the
geometry.

The simulation in Fig. 3.13 was conducted under shene boundary conditions as the
experiment was performed. The only difference & size of length of the tip, which was
limited by the performance of the workstation usadsimulations. Although this restriction

is obstructively the simulated results nicely lfie¢ texperimental observations.
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Fig. 3.13: Simulated polarisation dependency for a gold tip (r=65 nm), illuminated under 14° angle
of incidence and no surface underneath. Parameters are chosen to fit the experimental
conditions in Fig. 31.
The deviation of the extreme value position frore fholarisation angle orthogonal to the
surface (0°) is due to the experimental setup (Big.0+3.12). The illumination at the
Weizmann setup was done from the side. Thereftitedad the tip, due to the mounting of the
cantilever on the scanner, has to be taken intowsntc In addition the orientation of the tip
relative to the cantilever was also different tog tised silicon and gold tip.

In the previous simulations and in all simulatiam&iterature gold tips are always regarded as
solid tips. This may be true for STM or shear foneeasurements but for SPM measurements
there are no solid gold tips available, thus silitips with various gold coating thicknesses
are used. The range extends from 5 to 65 nm go#dingp thickness, depending on the
manufacturer.

To investigate the influence of the different cogtthicknesses a slightly changed model was
established where the overall radius, defined byotlter shell, which corresponds to the gold
coating, was kept constant and the thickness otdla¢éing was changed by reducing the size

of the silicon core to avoid the influence of getmeechanges. (Fig. 3.14)
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Fig. 3.14: Model to simulate the influence of the different gold coating thicknesses. The overall
radius is kept constant and the size of the inner silicon core is reduced to change the
thickness of the gold coating which is determined by the outer shell. In this case the
thickness of the gold coating is 25 nm.

For evaluation a spectra from 300-900 nm the ettaiiawavelength for each coating

thickness was measured. The radius of the outdl whs 75 nm and kept constant. The

thickness of the coating was varied within the mkgown as typical commercial coating

thickness, which is 5-65 nm. The length of thewtgss 300 nm. Illlumination was done with p-

polarised light at an angle of 1.5°.

The illustrated calculations were performed at\flenna Scientific Cluster (VSC-1) because

the double tip structure increased the element ratnbmendously.

It turned out, that differences in the coating khiess influence the spectra excessively until a

thickness of 40 nm is reached. This value nicesythe calculated skin depth for wavelengths

between 300-900 nm, which peaks at ~500 nm andm6kin depth. For thicknesses above

40 nm the coated tip behaves like a solid Au tigy ¢he absolute values change.

In Fig. 3.15 three exemplary gold coating thickesssre illustrated. The intensity is

normalised for better visualisation. The higheskdfienhancement for the simulated system is

achieved for an excitation wavelength of 650 nm ardating thickness of 50 nm.

lllumination of the same system with the 800 nnetdeght used in this work, would result in

the highest enhancement at a coating thicknes® afn2 Nevertheless the absolute value

would be five times smaller than for the resonasmalition.
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Fig. 3.15: Field enhancement study at different wavelengths for different gold coatings. The upper
spectra demonstrate the wavelength dependency for solid silicon and solid gold tips. The
lower spectra show three different coating thicknesses. No change for gold coatings
thicker than 40 nm can be observed, following the calculated skin depth for light in the
range from 300-900nm, where the maximum skin depth at approx. 500 nm can be found
to be 40 nm.
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In principal theoretical investigations can giveefus hints for planning and improving an
experimental setup. Furthermore, they can help ndetstanding observed phenomena.
However, especially in the studied system it woodd be reasonable to rely solely on the
simulated predictions, as the influence of the gstoynis very pronounced and small
deviations can alter the surface charge distribstisignificantly, thus leading to completely

shifted resonance conditions.

To exploit the full potential of field enhancemeint apertureless Scanning Near-field
Microscopy the use of an optical parametric angliflOPA) to scan over a broad range of

wavelengths and measure the tip response simulialyegeems to be a promising way.
3.1.2 Thermo-mechanical Study

3.1.2.1Introduction
In the last 15 years lots of work was done on gtaration of the generated temperature and

the resulting spatial expansion of SPM tips duexternal laser illumination during near-field

experiments.

These investigations all concentrate on the belbawbthe tip itself, which is reasonable for

STM or shear force tips but not sufficient for coemsial AFM tips mounted on a cantilever.

The behaviour of the cantilever is strongly dependa its temperature, which influences the
bending in contact mode or the resonance frequenttye non-contact or semicontact mode.
Especially the reflective coating on the backsifla oantilever, which is common on most of
the commercial cantilevers to increase the scageegificiency of the diode laser from the

optical lever system, leads to a huge bending ef dantilever due to different thermal

expansion coefficients of different materials.

Although already mentioned in literaté?ef near-field microscopy as possible influence on
the reproducibility, no closer examination of tleifect can be found. There are only some
investigations, which deal with the bimetallic bendas tool for thermal detecté?$ or

femtojoule calorimeter&® 27°

When looking in literature tip temperatures of 3EMB°C for typical laser energies of several
tens of mJ/cm? are calculafég!?®13t 197. 266, 271-274nq proofed by different experimental
approaches like cantilever deflectifhRaman band shitt® enhanced Raman scattefiftg
and atom probe tomograph¥/, leading to tip expansion of a few nanometres. Big is

already sufficient to generate a hard contact betwigy and surface, because it is the typical
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tip-sample gap during near-field investigations #mas can lead to a modification of the tip

and/or the sample.

The focus in this chapter will be on the thermo-h@tcal changes of a typical commercially
available AFM cantilever. The temperature of tipeviill not be calculated, following the two
temperature model, which is necessary when dealitty fs laser heating because there is

already a considerable amount of literature ontthpsc.

3.1.2.2Model
All experiments were done with the commercially ialde COMSOL Multiphysics

simulation software 4.2a., which is based on tm#é&Element Method (FEM). This software
allows the connection of different physical probgem a convenient way.

The software also provides a reasonable varietjfferent extensions, called modules, where
major equations to explicit problems (Acoustic MlejduChemical Engineering Module etc.)
are already arranged.

The calculated model is based on the geometrytdkén from a commercial tip, TAP300AI
[BudgetSensors] with a simplification of the asymmaetip profile, which was changed to be
C4 symmetric along the major tip axes. Since the majterest lies in the temperature
influence along the whole tip holder and not in ginecise temperature distribution at the tip
end, no deviation from this geometric change isseigd.

For the calculation the whole chip structure wa®mainto account to verify that there is no
influence of the cantilever holder by inhibited hélax from the cantilever to the holder,
when performing long term laser illumination expegnts.

The material of the tip holder is silicon becaude the most common material in commercial
SPM tip production. The reflective coating on tleekside of the cantilever is aluminium in
this case. (Gold would also be a common materfdie thickness of the reflective coating
ranges from 25-70 nm, and is 30 nm in the calcdlatedel

After the model was built, the surface has to Iserditised with care. (Fig. 3.16)
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Fig. 3.16: Overview of the complete model including the mesh. SPM holder TAP300AIl-G [Budget-
Sensors].
To guarantee a good match of the surface elematiidive built geometry different types of
meshes have to be combined. Fig. 3.17 shows thdes@n and the tip from below, where
three types of meshes have been built. The tip. G:IP) is discretised by a free tetrahedral
mesh, the area around the tip has to be meshedrbg guad to give a continuous transition
between tip and cantilever and the remaining parthe cantilever is discretised with a
mapped mesh.

Fig. 3.17: The different types of meshes along the bottom of the cantilever are shown. The free quad
mesh has to be chosen to continuously connect the tetrahedral mesh of the tip with the
mapped mesh of the cantilever.

Especially the thin reflective Aluminium coatinghieh plays a major role in the simulation,

has to be discretised very carefully by choosisgvapt mesh to connect the reflective coating

with the cantilever and to reach a sufficient désisation in the direction of its thickness

(30 nm). (Fig. 3.18)
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Fig. 3.18: The cantilever is shown in red and the reflective Al coating is coloured blue. The mesh of
the coating is not resolved because it is too thin compared to the cantilever thickness

(ratio 4000:30)
The tip is described by a free tetrahedral mesh wécreasing element size at decreasing

structure size. The different opening angles of tthe given by the manufacturer are also
taken into account.

Fig. 3.19: A free tetrahedral mesh is chosen to discretise the tip geometry. The surface elements are

adapted to the size of the structure. The depicted element size is coarser than in the
simulation for clarity reasons.

The laser heating is approached by a boundarydweate, where the input power in W/m2

can be defined. The size of the boundary heat saarequivalent to half the laser spot size of
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the SNOM system used at the Department of Phy§ibaimistry, Vienna, which is approx.
4 um, if the system is aligned with the highestrgpeat the apex of the tip. The Gaussian
beam profile is not taken into account becausefisence is negligible on the investigated
parameters here. The size of the spot is more il@pbbecause it was shown by Zhang that it
strongly influences the maximum temperature ofcédetilever’’*
The first parameter is the heat transfer, whictieBned as the movement of energy due to a
temperature difference. Generally three ways ot breasfer have to be taken into account.
The most important in our case is conduction. Headuction in solids takes place by either
electrons, carrying the heat in metals or by mdéamotions, so called phonons in crystals.
The second way of heat transfer is the free comgctvhich is described as heat transport
from a solid surface in air /liquid by the air dilg’s own velocity. In contradiction to forced
convection, which is based on air or liquid streamfree convection is very small. About 5-
25 W//m2K in air and only 20-100 W/m2K in liquid&’
The last heat transfer is due to radiation, i.e. lkeat is transferred by radiation. In the
described model the focus is laid on heat trarddierto conduction because the contribution
of the free convection and the radiation at tempeea below 1000°C are negligifi€.
To calculate the heat flow along the SPM chip, rgmp viscous heating and pressure work,
the following equation was used:

pCp%—Iﬂonu MT =00kOT)+Q Eq.30
pis the density [kg/m3|C, is the specific heat capacity at constant pregsikg K], T is the
absolute temperature [K], u is the velocity vegtofs], k is the thermal conductivity [W/m K]

andQ is the heat source [W/m?Z].

In the Solid Mechanics interface COMSOL Multiphysicses different coordinate systems to
describe the motion and deformation of solid olgje€or the physical space, called spatial
frame, it uses spatial coordinates (x,y,z) andtl@ continuum mechanics the material (or
reference) coordinates (X,Y,Z) are introduced, Whigbel material particles. In the initial
configuration material and spatial coordinates \adrg particle coincide. If deformation of a
solid object occurs (due to external or internatés) each material particle keeps its material
coordinates but changes its spatial coordinate.
x = x(X,t) = X + u(X,t) Eq.31
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Hence the actual spatial position is defined bydisplacement vectar. Together withv and

w, they are the primary dependent variables in thid SViechanics interface and bear the
major information of object deformation.

For structural analysis COMSOL uses a total Lag@mdormulation, which means that the
computed stress and the resulting deformationefegred to material configurations and not
to the current position in space, which gives tip@astunity to evaluate spatially varying
material properties only once for the initial m&krconfiguration, because they do not

change if the solid deforms or rotate.

For structural effects due to the heating of th&1RMip the thermal expansion of the model
has to be calculated. It is defined as an intestrain due to a change in temperature. In the

direct tensor form the total strain tensers written in terms of the displacement gradiént,
a:%(Du+DuT) Eq.32

which is related to the stress tensoand the temperature by Duhamel-Hooke’s law:
sS-s,=C:(e—¢,—ab) Eq.33

C is the &' order elastic tensor, “” is the double dot tensmduct, § ande, are the initial

stresses and strains amds the thermal expansion tensor &vd T - Teer. Trer iS the strain free

reference temperature.

The time dependent solution is given by the eqnatbmotion, based on Newton’s second

law

0°u

ot?

wherep is the mass density, is the displacement vectaf/Sis the divergence operator on

Yo, -Us=F Eq.34

the stress tensor afkdis the body force per unit volume.

All calculations are based on the linear elastidemia model, with isotropic properties,
where the elastic properties are defined by thengaumodulus and the Poisson’s rate. (C=
C(EV))

The used material constants are summarized in Talfhe origin of these values is the
Comsol databas€, is the heat capacityy is the densityk is the thermal conductivityy is

the thermal expansion coefficigats the Young’'s modulus andis the Poisson ratio.
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Co/dkg'™ '  pilkgm®  kiWm'K' o 1K E/Pa v
Silicon 703 2330 163 4 2E-6 1.3E11 0.27
Aluminium 900 2700 160 2.3E-5 T.0E10 0.33

Tab. 1: Material constants used for the thermo-mechanical investigation. Values are taken from the
Comsol database. C, is the heat capacity, P is the density, k is the thermal conductivity, O

is the thermal expansion coefficient E is the Young’s modulus and V is the Poisson ratio

The equations for the thermo-mechanical effectssateed sequentially by COMSOL with
the help of the segregated solver, which solveseimperature first and then performs a stress

strain analysis with the computed temperature dieldt of the heat transfer equation.

3.1.2.3Results
Due to the high computation time needed to caleuthe whole structure a size reduction

based on the symmetry of the structure was perfdrimberefore a symmetry surface in the
xz-plane was introduced which decreases the nuoflements by half and thus reduces the
calculation time significantly. At the end of thalculation the results are mirrored along the
symmetry surface to rebuild the whole structureirag@est calculations didn’t show any

difference between the full and the divided streestu

Single-pulse experiments will not be investigateecduse the influence on the whole
cantilever system is negligible due to the smalbant of energy of a single pulse. The major
impact of a single pulse experiment is obvious he talculations dealing with the tip
expansion only. The following calculation will de® multi-pulse experiments and their
influence on the whole cantilever system.

As the typical reaction time of the feedback loopSPM system i0.1 ms the simulation
does not exceed this time scale, because the shisreocused on changes which happens on

a shorter time scale than the feedback loop.

Several temperatures were calculated and the desplent behaviour in z-direction, which
influences the tip-sample gap and the displacemenk-direction, which defines the
expansion along the cantilever and therefore deesethe position accuracy are evaluated.
The investigated temperature range was chosennviltlei most common values in literature.
A typical temperature development with time of ibweest 4 um of the tip, which is the area,
where the laser energy is absorbed, is shown inF&). The small deviation at the steep

heating gradient of the theoretical expected teatpeg profile is due to the smoothing of the
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rectangular heating function, which was necessagyrohibit temperature oscillations due to

a discontinuity at the edges.
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Fig. 3.20: Typical temperature profile extracted from the heated end of the SPM tip. The time scale
is 0.1 ms which is the reaction time of common feedback loop systems. The small
deviation at the steep heating gradient of the theoretical expected temperature profile is
due to the smoothing of the rectangular heating function.
Based on this temperature profile the temperatwgteillution along the whole system and the
displacement values in x, y and z directions werleutated. The simulation time is 1e-4 s
with a time stepping of 1e-6 s. The heating is cmteld from 1e-5 s until 1e-4, which is the

typical reaction time of common feedback loop syste

In Fig. 3.21 (left) the 3D view of the temperatudlistribution and the displacement along the
cantilever is shown. On the time scale of 1e-4eshibating of the cantilever is dominant and
no pronounced heating of the cantilever holdelisiie, although a detailed evaluation of the
time dependent heat transfer shows that after4 &8 heat flux already reaches the holder.

In most calculations the holder is regarded asepgéerkink, which is true in a first

approximation but calculations of the whole sysmompared to the cantilever with an open
boundary, instead of the holder, showed that tiem deviation of several degrees in the

absolute temperature (Fig. 3.21, right), whichasda on the finite heat conduction from the

-73 -



Theoretical Investigation

cantilever to the holder. To illustrate this effédot temperature colour range was decreased to

emphasise the temperature gradient at the coraattlpetween cantilever and holder.

Fig. 3.21: Temperature profile and displacement of the heated cantilever. The displacement field is
magnified 1000 times for better illustration. The maximum temperature is 432 K. The
black contours of the cantilever indicate the original position. On the right figure the
temperature colour range is decreased to show the temperature gradient at the transition
between the cantilever and the holder.

The displacement in x and z direction is clearlgible in Fig. 3.22, where the model is

aligned along the xz-plane. Especially the bendiighe cantilever due to the different

thermal expansion coefficients of the two materislsbvious. On a timescale faster than the
feedback loop the cantilever bending in z-directainmoderate temperatures (~430 K) is

33 nm, which overshoots typical tip sample gapamprder of magnitude.

The thermal expansion in x-direction is hard toleate exactly due to the bending but clearly

exceeds 10 nm, which is in the range of the spagisblution claimed for an apertureless

scanning near-field microscope.

As there are also cantilevers available, which dbuse reflective coatings on the backside
their bending behaviour was also studied. In Fig33he thermal expansion of a non coated
cantilever is demonstrated. There is no bendingoleisdue to the homogeneous thermal
expansion. Nevertheless the thermal expansioiilliarstund 6 nm for 430 K, which is higher
than the tip to sample gap and therefore enouglenerate contact between tip and sample.
The expansion of nearly 15 nm in x-direction isi&mto the value calculated for the coated

cantilever.
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Fig. 3.22: A bimetallic cantilever after laser heating for 9e-5 s. The bending in z-direction is 33nm

and therefore more than one order of magnitude higher than the desired tip to sample

gap in aSNOM experiments. The black contour lines indicate the original position of the

tip before the heating. (Displacement x 1000)
Several calculations were conducted at differentperatures and the results are plotted in
Fig. 3.24 for the z-displacement and in Fig. 3.@6the x-displacement. The values for the
displacement were taken at their maximum, whiclesgonds to a heating time of 9e-5s and
is therefore still below the feedback loop reactiome. So every change in the tip position at

this timescale will not be compensated by the faelloop.
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Fig. 3.23: Thermo-mechanical behaviour of a laser heated cantilever without reflective coating.
There is no bending visible in z-direction due to the absence of a second material.
Nevertheless the thermal expansion is big enough to reach ~6 nm and therefore higher
than an aSNOM tip to sample surface distance. (Displacement x 1000)

The scattered line in Fig. 3.24 is situated at 2amd is defined as the maximum expansion

possible without contact between tip and samples @tbvious that at very low temperatures

this critical value is reached.

The simulated data was fitted by a linear fit, whis reasonable because of the solid

mechanics model chosen for this calculation andiritersection points for the coated and

uncoated cantilever z-displacement with the ciiticee were calculated. As the slope of the
coated cantilever is steeper it is clear that it kgach the critical line at lower temperatures.

Based on the fitted line the intersection tempeeatar the coated cantilever is 301 K and for

the uncoated cantilever it is 337 K. Although tladue of the uncoated cantilever is a little bit

higher the absolute temperature is still very small

For the coated cantilever the displacement in eetion is ~ 2.5 nm per 10 K and for the

uncoated one it is only one-fifth, which is 0.5 per 10 K.
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Equation y=a+b*
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Fig. 3.24: The z displacement of a coated and uncoated cantilever against the temperature is
shown. The scattered line describes the critical value which defines the maximum
displacement possible (2 nm) without a contact between the tip and the sample. Based on
the intersection points moderate temperature is sufficient to generate contact.

The displacement in x-direction is evaluated in. Bi@5. The differences between the coated

and uncoated cantilever rely mainly on the bendintpe second one. Due to the curvature of

the cantilever the shift in x-direction is undemmsited. The thermal expansion of the

uncoated cantilever is approximately 1 nm per 10 K.

The displacement in x-direction can become a crymat where high position accuracy is

needed. The value of 1 nm/10K can lead to a shifteweral tens of nanometres from the

desired position at typical surface modificationrkiog conditions, which can decrease the

applicability in e.g. high density data storage.
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Fig. 3.25: Displacement in x-direction of a coated and an uncoated cantilever. The difference
between these two is due to the bending of the cantilever. This additional curvature
diminishes the absolute x-displacement value although the expansion is the same.

To proof this effect experimentally a SPM tip wasisned over a soft surface in constant

height mode. The sample chosen was a standardrphisto(AZ4620) spin coated on a glass

plate.

The position of the tip is constant and the sanmplscanned in parallel lines. The distance

between tip and sample is set that there is noacontithout laser illumination. The laser

beam hits the tip in side illumination geometry. &dithe laser is turned on modifications due

to the heated tip are visible. (Fig.3.26, uppee)iiwhen the laser energy is increased within a

line scan the whole system expands and the regudtinface structure nicely represents the

temperature increase of the cantilever. (Fig.3R6yed line)
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Fig. 3.26: Surface modification in constant height mode. No modification is visible without laser
illumination. When the laser is turned on a shallow cavity appears (upper line). When the
laser energy is increased during a line scan the cavity becomes more pronounced and the
displacement in x direction due to thermal expansion is visible.

The heating of the cantilever due to laser illurtiova can influence the performance of

experiments drastically. Due to the fact that i ceot be avoided experiments have to the

planned with care. It has already been shown timgfles shot experiments are difficult to

realize because the local heat at the tip itselhigh enough for tip expansion in the
nanometre regime, which can lead to a tip crashidBdbkat the conducted investigations in
this work show that also low energy laser experisemith high repetition rates, which

generate low tip temperatures, can produce enoaghwvithin the cantilever to displace it in
the tens of nanometre regime. Especially cantiewsth reflective coatings on the backside,
which are very common in SPMs can be bended at i@ty temperatures due to the
bimetallic effect, which is based on the differdr@grmal expansion coefficients.

The only way to minimize the thermo-mechanicaluefice on the experiments is the thermal

equilibrium. Thus the tip must be illuminated prior the experiments and solely after the

thermal equilibrium is reached experiments candréopmed reliably.

It was also discussed that convective cooling itewaan overcome the heating problem but

calculations show that the influence of free comiveccooling, which is the only way

possible for SPM measurements, is negligible bex#hes convective heat transfer coefficient
is only 4 times higher in water than in air andréffiere still very small. (5-25 W/m2K in air,

20-100 W/m2K in watef)®

It is also very important to keep in mind that tbalculations in this work have been

performed for only one cantilever geometry. EspBci@antilevers used for contact

measurements, which are also used in literaturea&¥OM, are several times longer and

thinner than the calculated cantilever and theeetbe thermo-mechanical influence in such a

system is even higher.
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3.2 Experimental results

3.2.1 Alignment

Most of the work in literature relies on the aligemb quality reached by a CCD camera
situated on top of the SPM system, but unfortupatieis method is pretty coarse and not
sufficient to determine the exact fluence at thsitpmn of the tip.

Especially for high numerical apertures the foagptth can be only few tens of micrometre
and therefore the minimal focus area is hard tgnalwithout auxiliary tools. Three
possibilities will be discussed in the following.

Cutting edge

The first step in determining the fluence is to swra the focal spot size. Therefore a cutting
edge setup can be used, where a sharp razor kladeuinted on a high precision translation

stage in front of a photodiode. (Fig. 3.27)

razor blade translation stage

detector

laser beam ‘ ‘

S .

¥

focusing lens

Fig. 3.27: Schematic picture of a cutting edge setup used to determine the spot size of the laser
beam at its focal position.

The razor blade is scanned through the laser beaintlee intensities and positions are

recorded. The resulting sigmoid curve (Fig. 3.28)
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Fig. 3.28: Typical intensity profile of the transmission energy during a cutting edge measurement.
The calculated beam diameter of this fit function is slightly below 7.5 um.

is fitted with the integral form of the followingyaation

E, (x) = EO\/ZZTWOTeX{— z(WiJ }dx (Eg. 35)

whereE is the transmission energy,is the position value andp is the Gaussian beam
radius. The maximum fluencEyaxand average fluencEag can be calculated according to:
— 2EO EO
) 2
W, 7T Wy 7T

F

max

F =

avg

(Eq. 36)

The resulting diameter measured with the cuttingeeanethod was 7.5 pum with an
uncertainty of approx. 10%, which is the accuramyjtlof this method>* Thus the laser spot
is small enough to guarantee the illumination eftip without hitting the cantilever, which is

not the case for most other setups describedeiratiire>> **°

To place the maximum fluence on the end of the SipiVthree approaches have been

developed and evaluated.

3.2.1.1The shade of the tip
The general idea of this alignment method is schieally illustrated in Fig. 3.29. The

focused laser beam hits the SPM tip and dependmnthe position of the focal point the
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amount of laser light shaded by the tip differs ahduld reach its maximum when the tip is
within the focal depth of the used lens system.

If a screen is placed in prolongation of the inaagniaser light the coarse alignment can be
done, because based on the relative position ofdb@& point to the illuminated tip the

position of the shadow on the screen is turnedaty .1

fs Laser

Shadow

Shadow

fs Laser

Fig. 3.29: Image of the tip shadow on the screen due to the different focal position relative to the
tip. On the left picture the focal point is in front of the tip whereas on the right side it is
behind the tip.
The accuracy of this method is limited by the adigons due to the focusing process. So the
higher the quality of the beam shape is the highére achievable resolution in the direction
of the focal depth.
Typical alignment accuracy with this method at W¥iennese setup was in the range of
several tens of micrometers, which is within thiewlated Rayleigh length (~60um) for the
used lens setup.
For more accurate results the screen was exchanghda photodiode, where the local
minimum should be found by an iterative approache o the aberrations near the focal
point this method could not be successfully applied
Nevertheless the method of laser shading is a $asple, and very effective possibility to

align a laser on a SPM tip.

3.2.1.2Magnitude vs. Height curves
The basic concept for this approach has already lokscussed in Chapter 1, where the

temperature dependency of the cantilever forcetaoh was mentioned. This temperature

dependency leads to a shift in the resonance freguand therefore to a reduction of the

oscillation amplitude of the cantilever if the ogeng SPM system is based on the amplitude
modulation feedback loop.

To probe this effect a point spectroscopic approaels chosen. Therefore an array of
spatially distributed points covers the area okrest and a magnitude vs. height curve
(Fig. 3.30) was measured at each point. The madmitsl defined as the DC signal of the

oscillating cantilever, measured in nA, which isgortional to the oscillation amplitude but
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incorporates the lock-in gain as well. The heigiltie describes the relative position of the tip
related to a random point of origin.

To generate a Mag/Height curve the oscillating hgs to approach a surface while its
amplitude is recorded. At the contact point theféipls repulsive forces for the first time and
thus the free amplitude is reduced. This assumpgoonly valid if the free oscillation
amplitude is high enough otherwise the influenceelettrostatic forces, attractive Van der
Waals interactions, has to be taken into account to

In Fig. 3.30 (left) a typical Mag/Height curve isasvn. The approach starts on the right side
of the figure where the amplitude has its maximuatue, which is the free oscillation
amplitude. When the distance between tip and sadgdecases the amplitude also decrease
mainly due to repulsive forces beyond the contaattp On the right side of Fig. 3.30 a line
scan of numerous Mag/Heigth curves through therldsam is depicted. It can be
demonstrated that the contact point shifts duehto ibcreasing laser energy towards its
Gaussian maximum. The higher energy leads to stratiig heating and therefore causes two
effects which are counter active. The first is thermal expansion and the second is the
reduced oscillation amplitude due to the resondrespuency shift. Based on the measured

results the second effect is the dominant onedsdlexperiments.

30
contact point free amplitude

-

25 - Vs
/
']

/

surface /
contact / /
/

N
o
1

Amplitude / nA

o

1
Mag/Height curves

o
1
~.

T T . T . T T T
-500 0 500 1000 1500
Deviation from the Contact Point / nm Contact Points

Fig. 3.30: (left) Exemplary Mag/Height curve for determining the focal plane. The amplitude is
given in nA, because it is based on the DC signal from the lock-in detected photodiode
current. The height is recalculated as deviation from the contact point for illustrative
reasons. (vight) Line array of Mag/Height curves through the laser beam. The guide for
the eye (black line) indicates the position of the different contact points.

To find the focal plane an array of line scans twabe distributed over the surface. In Fig.

3.31 a (10x4) array was built. The spacing in »echion is 3 um and 10 pum in y-direction.
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Mag/Height curves

Contact points

\Laser beam!
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Laser induced contact
point deviation 10x4 array

Fig. 3.31: In the upper picture the experimental vesults of a 2D 10x4 (x,y)-array of Mag/Height
curves distributed over the area of laser illumination at 100 mW is shown. Looking from
the bottom of the picture upwards the decrease in fluence can be seen. The blue lines
indicate the intersection between the different positions along the y-direction (along the
focal depth). The lower scheme explains the experimental setup in a schematic way. Each
star represents one Mag/Height curve. The deviation of the contact point due to the
increase in laser fluence is denoted on the lower left picture.
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The y-direction is arranged along the focal depthhe first two line arrays the laser intensity
is too high to receive an evaluable Mag/Height euAs the fluence decreases when going up

in Fig. 3.31 the shift of the contact points alscmr@ases.

In combination with the already measured minimuroafospot size by the cutting edge

experiment, this method provides a convenient pdagito locate the focal plane of a laser

beam on a surface with a precision of several meters.

In Fig. 3.32 two different energies are illustrat@the green line demonstrates the relative
contact points at laser energy of 70 mW and isadlyeclose to the minimum signal to noise

ratio necessary for qualitative evaluation.

40

20

Relative Contact Points / nm
¥
o
]

®  CP dark

i ®  CP laser 100mw

i ] =  CP laser 70mW
-80 = Gaussian fit 100mW
= Gaussian fit 70mW
| L | L I ¥ | i | ) | L I i | i |

-8 -6 -4 -2 0 2 4 6 8

Relative Position of Mag/Height Curves / um

Fig. 3.32: Comparison of different laser energies. The red line was measured with 100 mW and
shows a nicely pronounced Gaussian behaviour, whereas the green line (70 mW) is
already close to the minimum signal to noise ratio. The black line illustrates the
background noise without laser illumination. CP =Contact Point

The major drawback of this method is the high powecessary to see a change in the

Mag/Height curves as illustrated in Fig. 3.32. Tkquired values are already close to the

damage threshold of the tip. In Fig. 3.33 (leftypically used tip is shown where no wear is

visible. On the right side a tip is depicted, whialas illuminated with 120 mW. The

destruction of the tip is obvious.
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% universitat
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Fig. 3.33: Left side shows an ATEC tip in perfect condition. On the right side the destruction is
obvious after illumination with 120 mW laser power.

Although this method is easy to realise the lacksefsitivity constrains its applicability.

Besides it is also based on a decrease in theaismillamplitude due to tip surface contact

and therefore a wear of the tip is likely, evendorall power values.

3.2.1.3Backscattered signal
The third approach to determine the fluence atptbstion of the SPM tip is based on the

backscattering setup illustrated in Fig. 2.2. TB® &m centered, fs laser passes a dichroic
mirror (long pass) with a cut-off wavelength of 6@@n to eliminate the fundamental
wavelength and the diode laser of the SPM devickfacuses on the tip. The backscattered
signal is collected with the same lens used fous$ory. Light with wavelengths above 600
nm transmits the dichroic mirror. Shorter wavelésgtare reflected and guided to the
detector.

To align the focal plane the high intensity depemge of the second harmonic light
generation is exploited. As the highest energy itleisssituated in the focal plane the second
harmonic light should peak there, as well.

The advantage and disadvantage of the backscattgystem is that the same lens is used for
excitation and light harvesting. So if the optibalam path is once aligned no readjustment
should be necessary if a repositioning of the fepalt is required. The disadvantage of the
backscattering system is that the collection efficy is limited by the numerical aperture of
the chosen focusing system which for side illumorasetups is often given by geometrical
restrictions.

To prealign the backscattering system the secomchdrac light is not the best choice
because it is very weak. Therefore plasma, formexltd material ablation in the focal plane,

was used to perform the coarse alignment of thikdeattering system.
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The detection of the second harmonic light was dasea lock-in detection to decrease the
background signal. Hence a chopper wheel was enaldenido the experimental setup and
connected with an external lock-in amplifier [eLboTtk204, Anfatec, Oelsnitz, Germany].
Further background reduction was realized by wangtte selection with a monochromator.
The incoming light is measured with a Peltier cdgbotomultiplier tube (PMT), amplified
by the lock-in amplifier and then fed into the SRMgenerate a 2D map of the second
harmonic light intensity. (Fig. 3.34) To generdtestpicture the head scanning SPM system
was used to move the tip with high spatial precigtorough the prealigned illuminating fs

laser beam.
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Fig. 3.34: 2D picture of the second harmonic light intensity distribution over the scanned area. The
SHG intensity is given in mV It can be seen that in the lower and in the upper part of the
picture only the top profile of the Gaussian beam has enough intensity to generate
sufficient second harmonic light for detection. In the middle of the picture the measured
intensity profile fits well with the measured beam diameter.

The resolution is 256x256 points where each pantesponds to an integrated PMT signal.

The intensity profile along the y-direction perfgdits the expected results. In the middle of

the scanned area the intensity profile reflectsitéam diameter measured with the cutting

edge method perfectly. In the lower and the uppet pf the figure only the top of the
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Gaussian beam profile exhibits enough energy temgea sufficient SHG signal for detection.
In Fig. 3.35 a 3D image was turned in the way that intensity distribution along the y-
direction (focal depth) is obvious. The noise leidek 1 mV, which is small enough for an

accurate evaluation.

SHG / mV
O = MW ROy

100 80 60 40 20 0
pum

Fig. 3.35: 3D image of the scanned surface aligned along the xz-plane for better visualisation of the
second harmonic light distribution along the z-direction (focal depth). The calculated
Rayleigh length for the used setup is about 60 um and can be seen in the figure as well.

The measured signal intensity profile also allowtednination of the Rayleigh length which

is calculated to be around 60 um and nicely figsrtteasured data in Fig. 3.35.

The backscattering approach allows the accuraermetation of the distributed laser beam
intensity over a monitored surface. Neverthelesscibmplex alignment of the optical beam

path makes it time consuming.

The Mag/Height curve method is easy to realize imdds an iterative energy modulation
approach to avoid too high energies which leadaw-evaluable Mag/Height curves. At too

low energies the differences in the contact poamés no longer distinguishable in a reliable
way.

The shade of the tip is the fastest and easiestovajignment but needs experience in the
evaluation of the correct shadow appearance bedubehaviour is very dependent on the
quality of the focal spot. In the following expeents the shade of the tip was the most
common approach to align the laser beam on the tip.
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3.2.2 Contact measurement

As already mentioned in this work, (Chap. 3.1.2 &d.1.2) tip heating due to the
illuminating laser beam influences the behaviourttué cantilever significantly. Thermal
expansion, bimetallic bending or resonance frequeshift can prohibit accurate tip-sample
distance control. Therefore the origin of nanomedied surface modifications generated
with laser illuminated sharp tips, like STM or SPtps is still under discussion in
literature™?® 129 271

To investigate the contact behaviour between tig sample the voltage breakdown was
observed. The assembled setup is shown in Fig. 2.4.

To evaluate the home built circuit the semicontacide, where the tip hits the surface
periodically at the cantilever's resonance freqyenwas selected. Typical resonance
frequencies of the used cantilevers are in theeaig00-350 kHz, which corresponds to a
period of 3-5 us. The theoretical predicted contiace, which is the time within the Van der
Waals repulsive forces (3-5A), is 1-5 % of the \ehgeriod, mainly depending on the
oscillation amplitude. So the measured values shswitch periodically between the applied
voltage (3.95 us @ 250 kHz) and a value around @05 pus @ 250 kHz) depending on the
resistance of the contact point and the open tifadiich can be regarded as infinitely high in
air for our measurements).

To proof this theory the driving voltage of the iegm, responsible for the oscillation of the
tip, was extracted and a simultaneous measureniethieocontact voltage and the driving
voltage was performed. In Fig. 3.36 the resultsilarstrated. The resonance frequency of the
tip was around 200 kHz, which can easily be catedlafrom the period of the driving
voltage. The coating of the tip was a 30 nm golgetaand the sample was a mica plate
evaporated with ~100 nm of gold. Both metals havenbghosen of the same type to avoid
contact potential differences due to different whkctions.

It can be seen that at one point of each perioddnéact measurement shows a glitch, which
corresponds to the contact happening between tsarface. Although there was no voltage
applied during the experiment in Fig. 3.36 a sinifthe absolute potential after some contact
events is obvious. This is due to changes in theach area between tip and sample and
therefore differences in the resistivity appear,olwhdetermine the charge and discharge
behaviour of the investigated system It should beead that the shift in the absolute zero

potential is smaller than 1 mV.
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— piezo driving voltage — measured contact voltage
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Fig. 3.36.: Simultaneous measurement of the driving voltage of the tip and the contact voltage of the
tip sample system. The resonance frequency of the tip is approximately 200 kHz. Tip
(30 nm) and surface (>100nm) are covered with a thin gold layer. The comnnection
between the oscillation frequency and the contact happening is obvious. When the driving
voltage is at maximum a contact event appears.
The contact point resistance was measured to b@xpyately 15-2QQ for gold coated tips
on sputtered gold surfaces with a non oscillatimg This value corresponds to former
measurements in literatuf€. The resistance of the cantilever was calculateletdQ for a

30 nm gold coated system and is already subtrddedthe contact resistance.

To use the setup for the determination of a corgaent between tip and surface, voltage was
applied to increase the differences between comdact non contact situation. It was
recommended by the tip manufacturer (NT-MDT) noexgeed a current of 100 nA through
the coated tip. The small contact area (~100 neaild to very high current densities, which
can easily burn the tip coating because of theeletfect. Based on the resistivity of our
serial resistor the applied voltage must not ex&eahV.

In Fig. 3.37 different voltages were applied betwep and surface. Although the slope of the
voltage in the non-contact area increases, the rmari value is still far away from the

applied one.
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Fig. 3.37: Different voltages between tip and surface. Although the slope of the voltage increases,
the maximum value is still more than an order of magnitude smaller than the applied
voltage. The time scale was 90 us.
Due to the high resistivity of the serial resistoe time constant of the system is too high to
load the capacitor (the tip/cantilever-sample syste first approximation), within the short
period of one oscillation.
To proof this theory a different serial resistod@1kQ) was built in the circuit and the slope of
the charging curve was evaluated. (Fig. 3.38)
During the investigation of different voltageswias found that the signal shown in Fig. 3.37
Is not always present, indicating the loss of conia the semicontact mode, which was not
expected to be the case with the set of parametersen for the experiment.
To verify the idea of contact loss, longer meas@mintime scales were chosen. In Fig. 3.38
the measuring time was increased from 90 pus upms.3
The dependency on the changed serial resistorvi®ws The slope of the upper charging
curve is approximately 50% higher than from thedowurve with 1 M2 serial resistance.
But more surprising was the observation of the auritehaviour of the tip. In contradiction
to the theory of semicontact mode the tip seenisa®e contact to the surface for quite a long

period.
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Fig. 3.38: Long time measurement of the contact behaviour between tip and sample. The time scale
is 3ms. Two different serial resistors were chosen to proof the dependency of the
charging characteristic. The lower resistance leads to 50 % faster charging. The contact
behaviour of the system is in contradiction to the working principle of semicontact mode.
The coloured rectangles indicate the areas, which are magnified in Fig. 3.39.
A closer look at the voltage behaviour is done ig. B.39. The red area, describes the
moment of contact between tip and sample and thehdrging of the capacitor by short cut
events. This is obvious because a stepwise modulafi the voltage signal with a constant
frequency, corresponding to the resonance frequestasts.
When the minimum value is reached (blue area) tieage signal perfectly fits the already
measured oscillating signal, whose slope is definethe voltage and the serial resistor.
The green area describes the simple charging otdpacitor. No electrical contact can be

observed.
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Fig. 3.39:

These experiments were performed at one singld,dinectly after the landing process. To
exclude the effect of tip damage the used SPMuipse examined in the SEM afterwards.
The two tips in Fig. 3.40 are both used for contaetisurement in ambient atmosphere. The
magnification of the undamaged one (left) is ne&rfymes higher (~120.000x) but there is
still no modification of the coating visible. Neteeless the voltage response of this tip is
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Magnified part of Fig. 3.38. The red line shows the point of contact between tip and
sample. This point is indicated by the stepwise modulation of the voltage curve. The blue
line corresponds to the already measured oscillating signal after complete discharging of
the capacitor. The green line defines the point were no electrical contact exists anymore.
This is obvious because the stepwise modulation is lost and the curve shows a realistic
charging characteristic.

similar to the depicted voltage curves.

The right tip is of the same type but after toohhgltage exposition. The gold coating at the

very end

of the tip was melted and therefore notetal contact was possible.

-93 -



Experimental results

Fig. 3.40: Two different tips after their usage during contact experiments. The SEM picture of the
left one is magnified 120.000 x but no modification is visible. The voltage applied at the
right tip was 150 mV, already enough to melt the sensitive gold coating. (Mag. 50.000x)
To dispel all doubts further investigations of ablg used tips in SEM where performed.
Therefore the tips were mounted in the way thatelketron beam is aligned along the major
axis of the tip. So even very small surface damagethe very end of the tips should be
visible. As shown in Fig. 3.41 the difference betwelamaged (right) and undamaged (left)
tip is clearly visible. The right tip didn’t show \wltage breakdown anymore, whereas the
behaviour of the left tip followed the charactaasif Fig. 3.39.

7,

S

Fig. 3.41: SEM pictures of two tips after a contact experiment. The major axis of the tip is along the
electron beam so even minor changes in the quality of the coating should be visible. The
differences between damaged and undamaged tips are clearly visible.

Based on the evaluation of the SEM pictures, a diegian of the conductive coating as

explanation for the loss of electrical contact barexcluded.
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To avoid the influence of surface contaminants,sdu@ple and the tip were prepared directly
before the experiment started.

The same experiments were performed under distilater (18 M2) to compensate for
effects caused by surface water (capillary forge®sent on every surface due to atmospheric
humidity.

A similar approach was arranged with an electroigstead of distilled water to overcome
electrostatic charging, which may accumulate apelrthe tip from the surface. But the only
difference in the observed contact voltage charatie to the in air and distilled water
experiments was that the resistance of the opeunittould no longer be regarded as infinite

and therefore the voltage ratio between open arskdlcircuit was smaller.

It is well known that potential control of surfacespecially in liquids is essential, e.g. the
wetting character of gold surfaces can easily Imeduby changes in the surface potential.
(Lippmann curve)

Depending on the actual potential, a gold surfame show completely different surface
properties. At high negative or positive potentigfgecific ion adsorption may inhibit the
electrical contact between tip and gold surface. e&en higher positive potentials a
reconstruction of the surface in an anodic solatessurface film growth mechanism takes
place, where oxygen diffuses into the gold striectinrough place exchange processes. This
effect may also influence the electrical behaviolthe investigated tip sample systéffiz®*
The most promising potential range for reproduckliectrical contact measurements is the
electrochemical double layer region, where ionsaaly absorbed unspecifically and can be

exchanged easily.

To overcome these uncertainties an electrocheroglbfor in-situ SPM measurements was
constructed. (Fig. 3.42)

The measuring principle was the three electrodénigoe. As working electrode an
evaporated gold film (>100 nm thickness) on a mscaface was chosen. The reference
electrode was a gold wire, bended around the wgrkiectrode. The counter electrode was
an Ag/AgCl electrode mounted used as Haber Luggiilaey for easier handling.

The electrolyte, 0.05 M $$Os or 0.1 M NaSQO,, was continuously purged with Ar in an
external reservoir to expel the oxygen of the sotutThe pre-purged electrolyte was pumped

into the electrochemical cell. During the measunmantiee electrolyte was covered by a slight
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Ar gas flow. The cell was closed by an elastic fpdasover made of natural rubber, which

was mounted around the SPM scanning head to irthéidiffusion of oxygen.

reference electrode
counter electrode

44 4 4 I —

purging system working

electrode
septum

observation window

Fig. 3.42: Top view of the constructed electrochemical cell for in-situ SPM measurements. The cell
was built of PEEK, because of its chemical stability. The working electrode and the
counter electrode were made of gold. The reference electrode was Ag/AgCl mounted in a
Haber Luggin capillary. The system was purged with electrolyte and purging gas
through the same inlet. The electrolyte was 0.05 M H,SO, and 0.1 M Na,SO,
respectively.
The electrolyte was purged at least 20 minuteleneixternal reservoir before it was pumped
through the purge system by the purging gas itself.
The freshly prepared working electrode was clearéttrochemically by repeatedly
changing the applied voltage periodically withire tpotential range, where oxygen and
hydrogen production starts.
To determine the double layer region the potentzaige was decrease to increase the
resolution and so the optimum potential for thecteleal contact measurement could be
defined.
The voltage behaviour of the subsequently preforomtact measurements was identically

to former measurements performed without electnoote control in an electrolyte.

To investigate the contact behaviour between tipl aurface an electrical contact
measurement approach was chosen. While short te@surements in the semicontact mode
indicated the limitation of the setup because eflilgh time constant, necessary to avoid tip

burning long term measurements showed an unexpeoteédct loss in the semicontact mode.
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Although a broad range of influencing factors colld excluded due to sophisticated
experimental setups, like the electrochemical serfpotential control the reason for the
contact loss is still under discussion.

Further experiments like more accurate potentippsuto reduce the applied voltage down to
1-2 mV, to decrease the time constant by decreasimgy serial resistor or current
measurements instead of voltage measurements may fgither useful hints for a full

understanding of the contact behaviour betweeartgpsurface.
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3.2.3 Surface Modification

A possible application of apertureless near-fieldrascopy is the use of the localised field to
modify different surfaces far beyond the diffraatiimit of light to further increase the
storage capacity of commercial data storage devibesproof this idea, different surfaces
were chosen [gold, polyphenylene oxide (PPO), rolyanate (PC), phototresist AZ4620]
and modifications were conducted at various expeamiad parameters.

Viennese setup

At the Department of Physical Chemistry, Vienna tdifferent scanning modes were
available, the semicontact mode and the contacemadaddition a Pockels cell provides the
possibility to reduce the inherent repetition ratethe used fs laser from 11 MHz down to
single pulse experiments.

As already discussed in Ch. 3.1., the angle of arie is an important parameter concerning
the field enhancement at the end of the tip. Uonfaately geometrical limitations of the
scanning head limit the maximum angle of incidemeachable to 1.5°, thus moderate
enhancement is expected. Furthermore the simutapoedicted higher field enhancement for
sharp silicon tips at low angles of incidence tifianthe relatively dull gold tips, due to the
thickness of the gold coating. Therefore shargailitips turned out to be the reasonable
choice for experiments based on the setup at tipafDeaent of Physical Chemistry, Vienna.
Gold coated tips were tested as well but no maatifims could be achieved. This may be due
to the strong geometrical restrictions for high amtement when dealing with surface
plasmons (Fig. 3.4). Additionally the stability thfe gold coating is moderate and even soft
contact can modify the appearance and thereforeefmance conditions.

Prior to the experiments the surface area, plaforechodification was scanned to guarantee a
flat surface and to exclude areas with alreadytiegjssurface features. Then the tip was
positioned, illuminated and afterwards the surfaes investigated with the same tip, used for
modification.

The observed surface structures were measurecchaechatically illustrated in Fig. 3.43, 3.44
and 3.45 for better visualisation.

In Fig. 3.43 the tip was kept in semicontact maoalehe surface and laser illumination was
done with a repetition rate of 11 MHz for 1 secarwhtrolled by a manual shutter. The
contact time at a resonance frequency of 350 kHz egtimated to be ca. 100 ns. On average
this corresponds to one pulse for each contactt@rahtherefore to an illumination with N =

3.5 x 16 pulses.
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The resulting structures at two different surfage#hin gold film (25 nm) and a spin coated
polymer (PPO), whose thickness exceeded 1 um amdheaefore be regarded as infinite in
terms of near-field dimensions, are shown. The ypeed surface cavities showed a shallow
shape with diameters in the range of the used iagneter and depths below 2 nm. The
calculated depth to width ratio was between 0.@&-0.

Fig. 3.43: Surface modifications in the tapping mode with a laser repetition rate of 11 MHz. Depth

to width ratio is 0.02-0.06 for gold and polyphenylene oxide samples.
When changing from semicontact mode to the contamie, which means that instead of
short contact times the tip stayed in contact i surface during the whole illumination
period, which was again 1 second, the observed®agtructures became more pronounced
(Fig. 3.44). Especially for the polymer the calt¢ethdepth to width ratio increased for more
than one order of magnitude to 0.46.
In addition the shape of the polymer holes chargiguificantly because the sharp edges of
the structures vanished and displacement of mbtedkas place, which indicate thermal
induced modification mechanism based on melting.
The gold surface didn't show comparable surfacecsires although minor asymmetric
material displacement can be observed, as well. difierence can be explained by the

inequality in surface tension of gold and polypHeng oxide. The depth to width ratio for the
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gold surface was 0.16 and therefore still threeesinhigher than for the semicontact
modifications.

Ay surface

Fig. 3.44: Contact mode modification of gold and polyphenylene oxide surfaces with a laser
repetition rate of 1IMHz. The observed surface structures show more pronounced
features; especially the polymer surface indicates a thermal modification mechanism
because of material displacement on the rim of the hole.

Due to the high repetition rate of the used odoitldaser illumination with the full repetition

rate can be regarded as cw (continuous wave) illatidn in terms of surface heating and

therefore heat accumulation can be observed.

To overcome this influence the repetition rate weiiced to 1 kHz which is small enough to

exclude heat accumulation effects because thelishgeen each pulse is sufficiently long to

allow the introduced heat to distribute over thstem. (Ch.3.1.2)

In Fig. 3.45 the tip was again in permanent contattt the surface but the repetition rate was

reduced to 1 kHz. The reduced thermal effect isias/in the produced structures. No

displaced material at the rims of the cavities ddug found. The calculated depth to width
ratio is similar to the semicontact mode, 11 MHpeximents, where the heat effect is also

reduced due to the short contact time.

- 100 -



Experimental results

Fig. 3.45: Contact mode modification of gold a polycarbonate surfaces at a repetition rate of 1 kHz,
realised by a Pockels cell. The produced holes show decreased thermal influences (depth
to width ratio is 0.03) due to the reduced repetition rate.

In Tab. 2 the measured values of the depicteddigyare shown. It is obvious that the thermal
influence is strongest, when the tip is in permamemtact and laser illumination is done at
high repetition rates. Under these conditions thetld to width ratio reaches its highest

values.

Material Technigue Freguenc Pulse No. Wid'th-.l' nm Depth_f nm Aspect Ratio

AU Tapping 11 MHZ 3.5E+05 75 15 0,06
PPO Tapping 11 MHz 3,5E+05 32 0.5 0,02
Au Contact 11 MHz 1,1E+07 85 14 0,16
PPO Contact 11 MHz 1,1E+07 120 55 0,46
PC Contact 1kHz 5, 0E+03 24 0.6 0,03
Au Contact 1kHz 5 0E+03 68 2 0,03

Tab. 2: Measured values of the surface modifications at different working parameters

Beside the fact that a Pockels cell gives the oppdst to reduce the repetition rate, it further
allows the control of the exact amount of pulses ta Fig. 3.46 a run of 4 different pulse
numbers is conducted. The measured line profilelpidemonstrated the correlation of the

depth of the cavities with the number of pulses.
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nm
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Fig. 3.46: AFM picture of a modified polycarbonate surface with 4 different pulse numbers. No

modification is visible for 3000 pulses. The corresponding line profile indicates the
correlation between pulse number and depth at constant aspect ratio.

Pulse number 20x10° 10x10° 5x10° 3x10°
Width / nm 30 26 19 /
Depth / nm 1.2 1 0,5 /
Aspect ratio 0,04 0,04 0,03 /

Tab. 3: Measured values for 4 different pulse numbers with a repetition rate of 1 kHz in the contact
mode. The correlation between depth and pulse number is visible.

There is no melting zone visible around the crateticating evaporation or densification of

the polymer. In Fig. 3.47 the development of thptdeand the width with increasing pulse

numbers of the surface structures is shown. A gtodehe eye (dotted line) indicates the

expected ablation rate. A linear characteristic kvdoe expected because the tip is in contact

with the surface at every time and heat accumuladioe to the low repetition rate can be

excluded.

Nevertheless the ablation rate decreases withasuorg pulse numbers from rates of 0.1 pm

per pulse down to values smaller than 0.06 pm pksep
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Fig. 3.47: Evaluation of the surface structures produced on polycarbonate with 1 kHz repetition
rate. The depth and the width of the surface features are drawn against the pulse number.
A linear behaviour for the ablation rate would be expected (guide for the eye-dotted line)
but a decrease of the ablation rate for increasing pulse numbers is observed.
Substantial incubation for the modification proces®bserved. More than 3000 pulses are
necessary to produce observable modifications. dppearance of the surface features in
semicontact mode (1MHz) with N~3.5x1@nd in contact mode (1kHz) with N~5xX1

equivalent. To understand this surprising behaviother experiments are planned.

Bubble formation and water jet

It was proposed that the use of water as coolingiume may reduce the thermal effects
during the laser treatment of the surface. Althotilghconvective heat transfer coefficient is
small for free convective cooling as already disedsin Ch. 3.1.2 experiments under water
were performed. Therefore a special cell, simitathte electrochemical cell (Fig. 3.42) was
constructed. The major difference to the electrothal cell was the use of a second window
on the collinear end, relative to the laser path, dlignment purpose and the lack of
electrodes.

In Fig. 3.48 (left) the top view of a silicon cdatier over a gold surface is shown. The

surrounding medium is water and the spacing betwipeamd surface is several micrometers.

- 103 -



Experimental results

During the alignment process it was found thathé kaser was well aligned, bubble formation
took place. This effect was only present when tw$ was situated directly on the apex of
the tip, where highest field enhancement couldXpeeted. As these bubbles were stable over
hours, vapour formation can be excluded. Reducedgability due to the heating of water
can be ruled out as well because the dynamics lolblbuormation didn’t not change over
time.

The used cantilever is manufactured from highlyopeat, single crystal silicon. Therefore a
possible explanation could be the oxidation of wetee to photo-induced exciton generation.
Due to the high electric fields induced by thedieinhancement effect at the end of the tip
band bending can occur and consequently water tioades favoured over the recombination
of the electron hole pairs. To proof this ideadhalysis of the gas would be necessary, which

will be a sophisticated task because the amouptaafuced gas is very small.

Fig. 3.48: (left) Top view of silicon cantilever in water several micrometers away from a thin film
gold surface. (vight) Bubble formation due to water oxidation in the high electric field at
the end of the SPM tip.
If the energy is further increased (>100 mW) waiezakdown arisé® and the resulting
shock wave blasts the cantilever of the holder. fiilne resolution of the CCD camera was
not good enough to visualise the complete proddss.left picture in Fig. 3.49 is the last one
before the cantilever is removed from the holdeattred light from the laser is visible on
one side of the cantilever, indicating a disturlgaimcthe laser light path. The right one shows

the floating rest of the blown cantilever.

Fig. 3.49: (left) Top view of the cantilever directly before it is blown up by the shock wave produced
by the water breakdown. The scattered light already indicates changes in the laser beam
path. (right) Floating cantilever after detachment from the holder.
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The use of water as cooling medium involves somgomdrawbacks, which limit its
applicability at high energies. Especially bubleniation, which already takes place at low

energies >20 mW, prohibits the possibility of saganodification under water.

Although it could be shown that surface modificatis possible the reproducibility of the
results is moderate. The permanent or at leasbglieal contact between the tip and the
surface can lead to a wear out off the tip andefioee changes its response to the incoming
laser light.

Laser heating also changes the resonance frequanthe tip. This effect decreases the
amplitude of the oscillating cantilever and therefteads to tip retraction by the feedback
mechanism»0.1 ms after the amplitude change depending oS é parameters.

The thermal effects also influence the size of dtractures because the thermal expansion
causes a certain position uncertainty, which irsgsdhe produced structures.

In Ch. 3.1 it could be shown that grazing incidenegessary in the illustrated experiments
due to geometrical limitations, leads to small erdement factor and tip shading as a result of
surface roughness can occur.

In the near future a modification of the scanniegdhwill give the opportunity to increase the
angle of incidence to 8°, which will lead to highield enhancement for silicon tips of at least
one order of magnitude.

Furthermore the realisation of non-contact measengsnat the Viennese setup, based on the

phase shift is already under construction.
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Weizmann setup

At the department of Chemical Physics at the Weizmlastitute of Science the available
SPM (XE-120, Park Systems) allows for illuminatianhigher angles of incidence from the
side. Unfortunately no Pockels cell was availafleerefore all experiments were performed
at a repetition rate of 82 MHz.

Beside that a home-built feedback mechanism basethemphase shift of the oscillation
amplitude near the surface enables the hoverinpeotip over the surface without contact.
(See Appendix B)

This scanning mode allows guiding the tip in cloégtance (2-5 nm) over the surface in a
wearless way. In Fig. 3.50 the operational capahili the so called “Floating Tip” scanning
mode is shown. The left picture shows the topogyapha gold surface, scanned in the
customary mode and on the right picture the Flgaliip mode was used. It is obvious that
the resolution at the edges is not of the samepskas than in the customary mode but the

overall topography could be mapped in a proper way.

Fig. 3.50: Comparison of the customary scanning mode of the XE-120 SPM with the home-built
feedback mechanism based on the phase shift of the oscillating amplitude. A decrease in
the resolution is visible but the overall structure could be mapped perfectly.
A drawback of the Floating Tip scanning mode is lthe scanning speed reachable, where
non-contact conditions could be realized. The maxmscanning speed recommended, is
around 100 nm/s. This value is mainly limited bg thsed external electronic systems (PID,
Lock-in).
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In the previous experiments surface modificatioeseanrealised at single points under a static
tip, at least in x and y direction, which was tlarming direction. Simulations showed a huge
influence of laser heating on the thermo-mecharpcaperties of the cantilever, so the idea
was to exclude these effects by thermal equilibratf the heated system before each
experiment. Therefore a more continuing modifiaatigpe was chosen, where the tip was
already illuminated before the experiment and edtef point modifications the tip was

scanned in serpentines over the surface to prdahes

The influence of the scanning speed, which candmepared to the energy input into the
substrate, on the performance of the surface shingt process was investigated in Fig. 3.51.
Therefore a polymer surface (photoresist AZ4620phtlaoquinone Diazide derivative,
Nobolakresin Derivative and Propylene Glycol Mondimyé Ether Acetate) was spin coated
on a glass substrate. The tip is scanned in seénpsnbver the surface at a constant distance

(=3-5 nm). The scanning speed was increased forleac

- 107 -



Experimental results
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Fig. 3.51: Surface modification at different scanning speed. Increasing scanning speed leads to less

pronounced structures because the pulse number per area reduces. The corresponding

line profile shows the linear correlation between speed and depth of the structure. The

gray line is a guide for the eye. The scanning speed was 100-70-50-30-10 nm/s from the

top in the upper picture and from the right in the line profile.
The changes in the structures, due to differemring speeds confirm the presumption that
the mechanism of modification is not mechanicaldose in this case the dependency on the
speed should be negligible. For mechanical stringjithe main parameter is the force applied
on the surface.
In the Floating Tip scanning mode the distance betwtip and surface is controlled by the
phase shift value chosen for the measurement. iiehthe phase shift the smaller is the tip
to sample gap. If the tip to sample gap is too karad the tip gets into contact the appearance
of the produced surface structures changes conplete
On the left picture in Fig. 3.52 the phase values wecreased from 20 to 120°, which is
similar to a tip to sample gap from 1 to 5 nm. Coregdato the right picture, where the tip
scratches the surface, no displacement of matarigie rim of the trench is visible.
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Fig. 3.52: Comparison of the different mechanisms of surface modification. On the left side the
mechanism is thermal and lithographical respectively, whereas on the right side the
modification is mechanical (no laser). The phase values for the left picture were 20-30-
40-50-60-100-120° from the top

The evaluation of the different phase values isvshim Fig. 3.53. A line profile was recorded

to measure the exact structure dimensions at epkage value. The depth development

follows a non-linear increase. The same behavicas already measured for the phase to
distance dependency, which shows sigmoid charatitgriby scattered evanescent light
during the evaluation of the Floating Tip scanningde?°

It has to be noted that based on the surface stagch position accuracy of the tip to sample

gap higher than 0.5 nm can be expected.
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Phase / ° Depth /nm  Width / nm
20 24 14
30 25 15
40 2,6 14
50 28 13
60 3,0 13
100 42 14
120 51 14

Fig. 3.53: Line profile of tip to sample distance variation by changed phase shift. With increasing
phase shift the spacing is decreased. The increase in the depth of the trenches illustrates
the decrease in the tip to sample distance. The FWHM remains constant.
As already shown in the theoretical part in thisrkvthere is a strong field enhancement
dependency on the polarisation direction of th@ming light. It is accepted that an electric
field vector parallel aligned along the major axighe tip gives higher enhancement than the
perpendicular alignment.
The experimental proof is shown in Fig. 3.54. Adirgmeters where kept constant except the
polarisation direction, which was turned by 90°hniite help of &/2 plate. The tip to sample
gap was determined by four different phase valoegéch polarisation direction (20-30-60-
120°). The left four lines correspond to s-poldresa which means that the electric field
vector is perpendicular to the major tip axis, veaar the right four lines were done at p-

polarisation.
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Fig. 3.54: Polarisation dependent structuring of a photoresist (AZ4620). The tip to sample gap was
determined by four different phase values (s-pol.: 20-40-60-80°, p-pol.: 80-60-40-20°
from the bottom). The structures for p-polarised light are more pronounced than for s-
polarised light confirming the theoretical prediction of the field enhancement dependency
on the polarisation of incident light.

In Tab. 3 the same evaluation but for differentrgies at one defined tip to sample gap (20°)

is depicted. It is obvious that the polarisatiorpeledency for the depth of the structures

(deeper for p than for s-pol.) is the same foredléht energies.
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AZ4620 p-pol. s-pol.
Power /mW | Depth/nm Width/nm | Depth/nm Width/nm
92 2.7 25 24 30
95 3.6 32 3.2 44
97 8.1 37 6,4 48
105 10,5 41 9,2 56

Tab. 3: Comparison of s- and p-polarisation dependent surface modifications at different energies.
The depth is more pronounced at p-polarisation, while the width is bigger for s-
polarisation. This can be explained by the different orientation of the radiating dipole.

An important observation is the characteristic lvé width, which is always bigger for s-

polarisation than for p-polarisation. This couldélained by the minor confinement of the

enhanced field on the substrate for s-polarisadgmithation. In Fig. 3.55 two different
polarisation directions (s+p) were calculated dmelfield intensity on the plate is shown, to
underline the experimental results theoretically.

(™

Fig. 3.55: Field intensity distribution on the substrate for two different polarisation directions. The
left distribution was calculated for p-pol. light and high confinement of the intensity on
the plate is visible. The right one was simulated with s-polarised light. Beside the weak
confinement, the enhancement s also reduced by nearly two orders of magnitude

Although the experiments show promising results l#ser alignment is still a demanding

task. In Fig. 3.56 the experimental parameters videatical for both pictures. The only

difference was the position of the laser on theHyen though this is an extreme example it
highlights the importance of careful alignment @dare.
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Fig. 3.56: Different position of the laser beam at the tip. All other parameters stayed the same. In
the upper picture the expected trenches were visible, whereas in the lower picture a
swelling of the photoresist occurred.
The quality of the tip is also essential for pradgcconfined surface structures. In Fig. 3.57
the same experimental parameters as in Fig. 3.5 wsed, but the tip was dull due to hard
tip crash. Therefore the distance control seemsaid no longer properly and the resulting

structures are similar to a mechanically modifiedace.
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Fig. 3.57: Surface modification with a dull tip. Thus distance control was not working properly and

the polymer was scratched by the dull tip.
The already discussed experiments have been pexfioom a spin coated photoresist surface
(AZ4620). After changing the polymer to polyphemgeoxide the observed modification
threshold is 3.5 times smaller than for the phatistealthough the glass transition temperature
is roughly the same (PPO-483 K, AZ4620-453 K)
The change of the polymer to polyphenylene oxid® &d to an unexpected change in the
surface structure appearance after the modificalitie experiments on the photoresist had
shown a very symmetric profile of the produced d¢res. However polyphenylene oxide
showed a completely asymmetric trench shape. 8%§)
The experimental setup is indicated in Fig. 3.8 €antilever alignment and the direction of

the incoming laser are shown (not to scale).

- 114 -



Experimental results

Fig. 3.58: Surface modification of polyphenylene oxide. The geometrical assembly is schematically
illustrated (not to scale). The shape of the nano-trenches shows asymmetrical behaviour.
The tip to sample gap is decreased from the top to the bottom to be 120-60-30-20°.
The shape of the produced trenches shows no swelliderneath the cantilever but massive
one at the opposite side. Although the shape otrdreches is comparable to mechanically
modified surfaces, scratching can be excluded secao modification was possible without

laser illumination.
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Fig. 3.59: Line profile of PPO nano-trenches. A strong asymmetric behaviour is visible. For the

evaluation the depth and height were measured between the crest and the trough of the
respective trench. The tip to sample gap is decreased from the left to be 120-60-30-20°.

- 115 -



Experimental results

The size of the structures at 3.5 times smallerlasergies are comparable to the size of the
structures produced in the photoresist. The dewedoyp over increasing energy in depth is the
same as for the photoresist. As the glass transi@mperature for the photoresist and PPO
are nearly the same non-contact heat transfer meeldsairface structuring can not be the only

modification mechanism

PPO p-pol. s-pol.
Power / mW | Depth/nm | Depth/nm
21 2,0 <05
29 3,8 47
40 7,9 58
50 10,3 8,9

Tab. 4: Measured geometrical dimensions for different laser energies at one defined tip to sample
distance (20°). The depth of the created structures with p-polarized light is always bigger
than for s-polarised light indicating the effect of field enhancement. For 21 mW and s-pol.
light the structure was not evaluable.
For 21 mW and s-polarised light the energy is nghlenough to produce evaluable surface
structures. Only for p-polarised light where theddienhancement effect is more pronounced,
surface modification occurs.
The origin of the asymmetric structure geometrynag understood until now but further

investigations are planned.

The experimental results suggest mainly thermaliyet (heat transfer from the tip to the
sample) modification mechanism. Although the infloe of field enhancement can not be
excluded completely its impact seems to be of mingrortance. Based on the theoretical
calculations the field enhancement is negligible depolarised laser illumination but the
differences in the modification behaviour (depthg aot that pronounced and therefore also
indicating that field enhancement is not the majolation mechanism in these experiments.
The modification based on laser ablation is onlgdted by the field enhancement effect, as
could be demonstrated by the polarisation deperydeinsurface modifications.

As demonstrated experimentally in Ch. 3.1 a changeolarisation also leads to a change in
the tip temperature of several tens of degreedtar@fore enough to explain the differences
in the depth.

The smaller modification threshold for PPO at samijlass transition temperature could be
explained by an infrared active optical phonon nesee, which would lead to increased heat

flux between tip and substrafe: 2
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The polarisation dependent differences in the wualfthhe surfaces structures may give an

indication of optical near-field based surface &inting.
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4 Summary

Apertureless scanning near-field microscopy wagstigated for the application of fs-pulses
on SPM tips both theoretically and experimentally.

Theoretical investigations concentrated on theuerfce of geometrical and illumination
parameters on the field enhancement between andirdeg probe and a substrate. A
Boundary Element Method (BEM) toolbox for Matlab, dmped in cooperation with the
Physical Department of the Karl Franzens Universit¢sraz was employed.

The principle idea of the boundary element metisothe reduction from volume differential
equations to boundary integral equations. In cehtri®@ the conventional quasistatic
approximation, which is fulfilled when the partideze is much smaller than the wavelength
of the light, the full Maxwell equations have besived in this work, including retardation
effects.

The geometric model for the simulation is base ¢apered tip with a hemispherical endcap
located over a substrate. The laser illuminatestithérom the side, like in all experiments
discussed below. The dielectric properties of tqussh as Si, Au, and Si coated with various
Au thicknesses, the substrate and the backgrourd wleosen independently during the
simulations.

The field enhancement was calculated for diffetgniengths. For a gold tip illuminated at an
angle of 1.5° the resonance behaviour is much rposeounced than at Si tips because
stronger surface plasmon resonances occur. Inigeadt is difficult to find the exact
geometry which fits the resonance conditions foawalable laser wavelength, that's why the
off-resonance behaviour was investigated.

The field enhancement calculated for a siliconati@ distance of 2 nm over a gold surface
was only 8. The major reason for this moderate recd@ent is the small angle of incidence,
where the field enhancement is counteracted byetifected wave from the substrate.

The field enhancement calculated for a gold tighvatdiameter of 130 nm is even smaller
than for the silicon tip. This is caused by thddfienhancement decrease with increasing
radius, which is the dominating effect in the acfsonance regime.

It was already noted that the angle of incidenaeyglan important role concerning the
maximum field enhancement. This can be explainethbyfact that the incoming wave will
be reflected at the surface underneath the tighase shift of 90° will be introduced and no

enhancement takes place at 0°.
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A Si tip exhibits the highest enhancement at arleanfjincidence of 20°, which is slightly
above the 14° realized at the Weizmann setup. A gplwith a radius of 65 nm shows the
maximum enhancement at 50° which could be a sultsitarhallenge for the design of a
setup.

Previous simulations in literature only considesadid gold tips. Commercial Au coating
thicknesses range from 5-65 nm. The influence efcating thickness was simulated with a
constant overall geometry. The thickness belowA@anm shows a drastic influence both on
the resonance wavelength and the absolute enhantefifeat indicates that in this very
common coating range precise control of the thiskne mandatory.

To exploit the full potential of field enhancememt apertureless Scanning Near-field
Microscopy the use of an optical parametric amgifflOPA) to scan over a broad range of

wavelengths and measure the tip response simulialyeappear to be very promising.

Thermo-mechanical properties were studied with @@MSOL Multiphysics software
package, which bases on the Finite Element MetR&d\/).

The studied geometry was based on a commercigT &% 300Al, BudgetSensors). Several
temperatures were calculated and the displacenadvatvipur in z-direction, which influences
the tip-sample gap and the displacement in x-doectvhich defines the expansion along the
cantilever and therefore decreases the positiomracg, is evaluated. The investigated
temperature range was chosen within the most comvabres in literature to be between
300-1000 K.

Thermal expansion causes an uncoated cantilevasutth the substrate at 337 K. An Al-
coated cantilever would touch the substrate alrestd$01 K due to additional bimetallic
bending. A coated cantilever shows a displacemeng-direction of 2.5 nm per 10 K,
uncoated only one-fifth, 0.5 nm per 10 K.

The displacement in x-direction can become a ckymiant where high position accuracy is
needed. The value of 1 nm/10 K can lead to a siiiteveral tens of nanometre from the
desired position at typical surface modificationrkiog conditions, which can decrease the
applicability in e.g. high density data storage.

Therefore thermal equilibrium is necessary beforedification experiments can be

performed.

In experiments, bubble formation under the cantitem the presence of water as cooling
medium, can be rationalized by the photo-generatioholes in the n-type Si tip and the

- 119 -



Summary

electrochemical oxidation of water to oxygen gagyhdr fluences led to water breakdown

and cantilever devastation.

Substantial effort was exerted into the developnérdlignment strategies at the Viennese
setup in order to identify the focus position oe tip at extremely high optical apertures.

Three approaches have been discussed.

Nanostructuring experiments were undertaken totiyenear-field parameters which lead to
non-thermal morphological changes of metallic aotymeric substrates. SPM parameters
were always chosen in a way that no modificatiothefsubstrate was observed without laser
illumination.

There was clear evidence at 11 MHz irradiation vpthse numberN ~ 10 of a Si tip in
contact mode, that heat accumulation in the tipu@ed melt structures with deep (several
10 nm) and wide (ca. 100 nm) cavities both in matal polymer. This can be interpreted as
melting by the contact of the hot tip. Tapping modiéh 11 MHz leads to a completely
different result. The contact time at typical SPMriwing conditions is ca. 100 ns and the
pulse number can be appreciated to be of the afdBr~ 1 during a single contact event.
This sums up to a total ®f ~ 3.5 10. Even though heat accumulation has to be assumed i
the tip, the cavity depth is reduced to ca. 1 nmh e width to ca. 30 nm which compares
with a tip diameter of ca. 20 nm on both materiakses. A 1 kHz irradiation should not lead
to heat accumulation in the tip. With this paraméte- 1¢, the polymer PC exhibits similar
morphology like PPO with tapping mode with 11 MHma ~ 3.5 16. There is however a
nonlinear influence of the pulse number on the kigihd depth of the nanocavities on PC,
where a linear increase with N would be expectederwsimple evaporation would be
assumed. Substantial incubation of the modificafimrtess is observed since it needed more
than 3000 pulses to initiate morphology modificatidhe dependence of e.g. the depth,
however, decreases rapidly with higher N. It ha®donoted that no melt displacement is
observed. Either material densification or evapomatcould be responsible. In order to
elucidate this surprising process further invesiige are in progress.

It is remarkable that non-contact experiments aM8# irradiation led to comparable non-
melt structures during cantilever scans. The extd#nspot overlap, determined by the
variation of the scanning speed showed a lineaetadion withN with a comparable change
of depth (~0.5 nm) as observed with the 1 kHz cdréaperiment.
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The experimental results suggest mainly thermaliyed (heat transfer from the tip to the
sample) modification mechanism. Although the infloe of field enhancement can not be
excluded completely its impact seems to be of mingrortance. Based on the theoretical
calculations the field enhancement is negligible $epolarised laser illumination but the
differences in the modification behaviour (depthg aot that pronounced and therefore also
indicating that field enhancement is not the majolation mechanism in these experiments.
The modification based on laser ablation is onlgdted by the field enhancement effect, as
could be demonstrated by the polarisation depernydeisurface modifications.

As demonstrated experimentally in Ch. 3.1 a changmlarisation also leads to a change in
the tip temperature of several tens of degreestargfore enough to explain the differences
in depth.

The smaller modification threshold for PPO at samijjlass transition temperature could be
explained by infrared active optical phonon resaeanwhich would lead to increased heat
flux between tip and substraf&: 28

The polarisation dependent differences in the walftithe surfaces structures might give an

indication of optical near-field based surface &nung.

Whereas surface structuring of the polymer samplas possible for all modification
parameters, the response of the gold sample chasg@dicantly. In the contact and
semicontact regime, where heat transfer throughtacbrevents could be realised and
mechanical impact through thermal expansion wasyljlsurface features could be observed.
In the non-contact regime no surface modificatiartiee gold substrate was evident.

Due to the different angles of incidence at the 2M&inn and Viennese setup the field
enhancement was expected to be two orders of nuagnhigher at Weizmann than at the
Viennese setup. Nevertheless no gold modificatimmct be realised, indicating mechanical

supported thermal mechanism instead of matteriabl#trough enhanced laser light.

For further investigations the setup at the Uningisf Vienna was adapted recently, to better
fulfil the demands of near-field microscopy.

By modification of the scanning head the angle rmafidence has been increased to 8°,
providing a field enhancement enlargement of atleae order of magnitude.

Furthermore a non-contact measuring mode basedhenplhase shift of an oscillating

cantilever is under construction.
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5 Supplementary Information

5.1 Appendix A: Matlab Toolbox

The following Matlab Toolbox is based on the MNPBHIgolbox of Physical Department of
the Karl Franzen University of Graz and was modifi® fit the necessary boundary

conditions for field enhancement studies at poimetes.

Simulation of a metal-tip a distance d away from a
substrate

Literature: Novotny & Hecht, Principles of Nanooptics

Dielectric constants and functions

epsm = epsconst( 1 00 ); % background dielectric funct1on
epsau = epstable( go1d dat’ ); % dielectric function of gold
epssi = epstable( 'Si(111).dat' ); % dielectric function of silicon

% dielectric table, 1: background, 2: substrate, 3: tip
epstab = { epsm, epsau, epssi };

Simulation parameters
h

300; % total length of tip

10; % radius of hemispherical endca

2; % distance between tip and metal plate in nm
20; % angle ( in degree ) of cone surface

t1p circumference, 3rd number of points along height of cone
[ 20, 40, 65 1;

angle of 1nc1dent Tight in rad
alphai = 1.5 / 180 * pi;

r

d

a

é discretization of tip: 1lst endcap values,_2nd number of points along
n

R

% po1ar1sat1on angle in rad
phi = 0 / 180 * pi;

% Tlaser photon energy (nm)
enei = 800 ;

Generate silicon tip shaped as apex
[ [ psph, phull, ~ ] = triapex( r, h, 'd", d, 'n', n, 'angle', a );

Generate metal plate (e.g. for plotting)

polyin = polygon( 30, 'size', [ 1, 117);

polyout = po1y?on( 30, 'size', [ 250, 250 ] );

plout = trip atecut( po1yout po1y1n, 'z', 0, 'hdata', struct( 'hmax', 25 ) );
plin = triplate( polyin, 'z', 0, 'hdata', struct( 'hmax', 10 ) );
plate = comparticle( epstab, { p1out plin }, [ 2, 1; 2, 11 );

Preallocate memory

[ emax = zeros( length( alphai ), Tength( enei ) );
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| results = cell( length( enei ), Tength( alphai ) );

Generate composite structure

1,21)

tip = coﬁpartic1e( epstab, { psph, phull }, [ 3, 1; 3, 11, [ 1, 2] );

¢ = comparticle( epstab, { psph, phull, plout, plin}, [ 3, 1; 3, 1; 2, 1; 2, 11, [

Start simulation

for ai = 1 : length( alphai )
alpha = alphai( ai );

% light polarization and direction for incoming and reflected wave

poll = sin( alpha ), 0, cos( alpha ) ];

dirl=[ cos(C alpha ), 0, - sin( alpha ) ];

po%% ; cos( phi ) .* cross( cross( d1r1 poll ), dirl ) + sin( phi )
po H

pol2 = [ - sin( alpha ), cos( alpha ) 1;

dir2 = [ cos( alpha ), 0, sin( alpha ) ];

po}% = cos( phi ) .* cross( cross( dir2, po12 ), dir2 ) + sin( phi ) .
po

% plane wave excitation for incoming and reflected wave
excin = planewaveret( poll, dirl );
excre = planewaveret( pol2, dir2 );

% BEM simulation
bem = bemret(_c, [], green.options( 'cutoff', 4 ) );
sca = zeros( 'Iength( enei ), 1);

% wavenumber of 1ight in medium

epsl = epsm(_enei ); k1l =2 * pi ./ enei .* sqrt( epsl );
eps2 = epsau( enei ); k2 =2 * pi ./ enei .* sqrt( eps2 );
kzl = sqrt( k1.A2 - ( k1 .* cos( alpha ) ).A2 );

kz2 = sqrt( k2.A2 - ( k1 .* cos( alpha ) ).A2 );

% Fresnell coefficient for reflected TM-wave, see Eq. (2.49)
= (eps2 .* kzl - epsl .* kz2 ) ./ ( eps2 .* kzl + epsl .* kz2 );

% main loop over different_excitation wavelengths
for ien = 1 : length( enei )

exci = excin( c, enei( ien ) );
excr = excre(_c, enei( ien ) );
exci.a2 = exci.a2 + rp( ien ) * excr.a2;
exci.a2p = exci.a2p + rp( ien ) * excr.a2p;

% surface charge
sig = bem \ exci;
sca( ien ) = excin.sca( sig );

% electromagnetic fields at surface of structure
field = bem.field( sig, 2 );

% prepare plot results

% field intensity |E[A2

emax( ai, ien ) = max( eint );
% maximum of |E|A2

% save resutlts in structure

sca( ien ), 'emax', max( eint ), 'sig', sig.sigl );

end

end

.* cross( dirl,

* cross( dir2,

eint = sum( transpose( field.e' ) .* field.e, 2 );%./ eintO;

results{ ien, ai } = struct( 'eint', e1nt, 'ene', enei(ien), 'alpha', alpha, 'sca',

if ~mod( ien, 10 ); disp([ num2str( ien ), ' / ', num2str( length( enei ))]1); end;

if ~mod( ai, 10 ); disp([ num2strC ai ), ' / ', num2str( length( alphai ))]); end;

Save results

[t = clock;
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actdate = [ num2str(t(1l)), '-', num25tr(t(2)), '-', num2str( t(3)), '_',
num2str(t(4)), 'h’', num25tr(t(5)) ],

save( [ actdate, ' so11d t1p mat' ], 'c', '"tip', 'enei', 'emax', 'n', 'results',
'alphai', 'h', 'r', 'd', 'a' );

Plot scattering cross section for different energie

if length( enei ) > 1
figure; plot( enei, sca );
title( ' Scattering intensity ' 'FontS1ze ,18, 'fontwe1ght' 'b’

xlabel( ' wavelength of Tight (nm) "FontSize' ,14, fontwe1g t' 'b
ylabel( ' scattering cross section (nmAZ) ', 'FontS1ze 14 ontwe1ght' 'b' )
zave( [ "'normal_tip_sca_enei ', date ], 'sca', 'enei'

en

Plot maximum of |E|? dependent on the excitation agle

if length(C emax( :, 1)) > 1

figure;
hold on;
plot( a1pha1 * 180 / pi, emax( , 1), 'b-");
title( ' Maximum of |E|A2 ' FontS1ze ,18, fontwe1ght' 'b'
xlabel( ' Exc1tat1on angle ( ) ! "FontSize' ,14, 'fontwe1ght' 'b' )
¥1abe1( ' |E|A2 ', 'FontSize' 14 fontwe1ght' Iy )

en

Plot maximum of |E|? dependent on the photon energy

if 1ength( emax( 1, : ) ) >1
?ure,
hold on;
plot( enei, emax( 1, : ), 'b-');
title( ' Maximum of |E|A2 ', '"FontSize',18, 'fontwe1 ht','b"'

xlabel( ' Photon wave1ength (nm) ', "Fontsize' ,14, 'fontweight','b' )
¥1abe1( ' |E|A2 ', 'FontSize',14, 'fontweight', ip )
en

Plot field intensity on whole structure

figure;

plot( c, eint );

title( ' Field 1ntens1ty |E|A2 ', 'FontSize',18, 'fontweight','b' )
colorbar;

Tighting none

Field intensity |E|>
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Plot field intensity on tip

figure;

plot( tip, eint( 1 : tip.nfaces ), 'EdgeColor', 'b' );

title( [ ' Field intensity |E|A2, enei = ', num2str( enei(end) )
], 'FontSize',18, 'fontweight','b' )

colorbar;

Tighting none

view( 0, 0 );

Field intensity |E|%, enei = 800 ;s

Plot field intensity on plate

figure;

plot( plate, eint( tip.nfaces + 1 : end ) ); . .

title( ' Field intensity |E|A2 at plate ', 'FontSize',18,'fontweight','b' )
colorbar;

Tighting none

Field intensity |E|2 at plate

3.5

0.5

Plot field between tip and substrate

if length( enei =1
[ x, z ] = meshgrid( 50 * linspace( - 1, 1, 501 ), h/6 * linspace( -1, 1, 51 ) + h/6
+0.1); y=0%*x;
% place the points into the dielectric media
pt = compoint( c, [ xC : ), yC:), zC:) 1, '"medium', 1);
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% Green function between points and Qart1c1e

g = compgreen( pt, c, green.options( 'cutoff', 4, 'refine', 5) );
% electric field at point positions

field = g.field( sig g + excin.field( pt, enei );

figure;
title( ' Real part of electric field E ', 'FontSize',18, ' 'fontweight','b' )
coneplot( pt.pos, real( field.e( :, :, 1) ), 'scale', 0.8 ); hold on;

pl = select( ¢, 'carfun', @( x, ¥, z) (z>0&z < h/3) );
%p2 = triplate( po1¥gon( 30, 'size', 2*max( pl.verts(:,1) ) ), '
2 = tripolygon( polygon( 4, 'size', 2 * max( pl.verts(:,1) * [

plot( pl ); plot( p2 );

view( 0, H

gam1ight( 'left' ); axis off; axis equal;
en

z', 0);
_151]))!['210

Real part of electric field E
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5.2 Appendix B: Floating Tip Principles

The whole description is based on the developnaritse Weizmann Institute of Science and
is already published elsewhere. This chapter wdt summarise the major aspects for better
understanding.

Although Atomic Force Microscopy is a well estabésl tool in the surface science
community real non-contact mode is still a sopbéded task. Typical approaches, where the
tip is brought into contact with the surface andthien retracted are not very successful
because with stiff cantilevers (~40 N/m) the conhtaent mostly leads to tip destruction,
whereas soft cantilevers (~0.1 N/m) have to dedh wgiicking, due to capillary forces,
electrostatic forces and so on, which leads tovenstooting when released from the surface.
Beside the problem of accurate positioning, scadnérdue to heat, humidity etc. makes a
distance control over time impossible without adggqueedback mechanism.

To overcome this problem the phase shift of théllaing cantilever to its driving voltage is
used as feedback signal. It was demonstrated rthelbse vicinity to the surface the phase
shifts gradually up to 180°, which than could bgareled as contact. This was explained by a
shift of the pivot of the cantilever motion fromeoend to the other.

The basic idea is shown in Fig. B.1, where the nmapbrtant parameters are recorded. The
black curve corresponds to the phase shift of #milever, the blue curve correlates with the
bending of the cantilever, the red curve is theaslierce signal and the pink curve is the
scattered evanescent light intensity.

The scattered evanescent light was measured wgthss prism underneath the tip and was
used to correct the tip to sample gap. This is ipesdecause it is well known that the
scattered light intensity decreases exponentialith wlistance according to the Fresnel
evanescent wave equation.

The right side of Fig. B.1 is the zoomed area maxkedhe left side, where the corrected tip

to sample gap (TSG) scale is already applied.
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Fig. B.1: The measured parameters for tip to sample gap determination are shown. The steep
dependency of the phase shift a few nanometres away from the surface, underlines its
applicability as feedback signal for non-contact measurements. The corrected tip to
sample gap (TSG) indicate the controllable TSG regime of 1-10 nm.

The sharp dependency of the phase shift on thendistbetween tip and substrate, underlines

its applicability as feedback signal for non-cohtaeasurements.

To use the phase shift as feedback signal a Lalw pegram was written to control all

significant parameters. In Fig B.2 a screen shothefused program is shown. The most

important areas are marked with a red rectangle. ligher one includes the presets, which
have to be defined before the approach startsséaging frequency and amplitude, target
phase and phase tolerance.

After the landing process the lower red rectangieolmes important because it informs about

the quality of the tip to sample gap control. Thearawer the phase histogram the more

precise is the tip to sample control.
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Fig. B.2: Lab View program for the control of the tip to sample gap at the Weizmann setup. The
most important areas are marked with red rectangles.

It was proved experimentally in Ch. 3.2.3 that thsifion accuracy of the Floating Tip setup
is better than 0.5 nm.
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