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Abstract

Widely used models in physics, chemistry and biology are often based on a single-

molecule description. In the last decade it became possible to detect single molecules,

and to measure some of their physical and chemical properties. Single-molecule ex¬

periments can directly provide the distribution and time trajectory of an observable.

This is an essential advantages over ensemble measurements, which yield only mean

values averaged over a whole population of molecules.

This thesis is concerned with the optical investigation of single molecules at

room temperature. A high-resolution fluorescence microscope has been developed,

which combines a scanning confocal optical microscope (SCOM) and a scanning

optical near-field microscope (SNOM). A new method for the fabrication of opti¬

cal near-field.probes is presented, which yields high-quality probes. Single-molecule

sensitivity and an optical resolution down to 50 nm is demonstrated for the SNOM

part of the instrument. The single-molecule sensitivity of the confocal microscope

is shown in various experiments. The theoretically predicted resolution is achieved

which is proven by the comparison of simulated and measured single-molecule im¬

ages.

The main limitation in optical single-molecule studies at room temperature re¬

sults from the limited number of photons emitted by a fluorescent molecule. The in¬

vestigation of single terrylene molecules embedded in a p-terphenyl crystal reveals an

extraordinarily high photostability of the fluorophores. More than 108fluorescencephotonsareonaverageemittedfromindividualmoleculesbeforephoto-bleachingtakesplace.Thisnumberofphotonsexceedsallpreviouslyreportedvaluesbymorethanoneorderofmagnitude.However,fluorescentmoleculeswhicharefrequentlyv



used as labels in biological experiments requiring physiological conditions only emit

in the order of 105 photons before photo-bleaching. For this reason efficient methods

are required which allow to gain as much information as possible from the limited

amount of photons. A new method for rapid identification of single molecules is

presented which relies on simultaneous spectral and time-resolved photon counting.

It is shown that a few hundred detected photons are sufficient to assign an observed

molecule to one out of four species with a confidence level higher than 99.9%.

An important parameter in various single-molecule experiments is the orien¬

tation of the molecular absorption dipole moment, because the orientation has an

influence on other parameters, e.g. the lifetime of a fluorophore in the neighborhood

of a dielectric or metallic interface does depend on the orientation of the molecule.

It is shown for the first time how a confocal microscope can be utilized for reliably

determining the three-dimensional orientation of single molecules. The method re¬

lies on engineering the field-distribution in the focus of a high numerical aperture

lens such that all electric field components acquire comparable magnitudes. Single

molecules are utilized to map the field distribution in the excitation focus, which

verify the performed simulations.
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Zusammenfassung

Weitverbreitete Modelle in der Physik, Chemie und Biologie beruhen auf einer Ein¬

zelmolekülbeschreibung. Im letzten Jahrzehnt wurde es möglich einzelne Moleüle zu

detektieren und manche ihrer physikalischen und chemischen Eigenschaften zu mes¬

sen. Experimente an einzelnen Molekülen machen sowohl die Verteilung einer phy¬

sikalischen Meßgroße als auch deren zeitliche Entwicklung direkt zugänglich. Dies

ist ein wesentlicher Vorteil gegenüber Ensemble-Experiment en, bei denen immer ein

Mittelwert über eine ganze Population von Molekülen gemessen wird.

Die vorliegende Arbeit beschäftigt sich mit der optischen Untersuchung von ein¬

zelnen Molekülen bei Zimmertemperatur. Ein hochauflösendes Fluoreszenzmikro¬

skop wurde entwickelte, welches ein konfokales optisches Rastermikroskop (SCOM)

und ein nahfeidoptisches Rastermikroskop (SNOM) kombiniert. Ein neues Her¬

stellungsverfahren für qualitativ hochwertige optische Nahfeldspitzen wird vorge¬

stellt. Die Einzelmolekülsensitivität und eine optische Auflösung von bis zu 50 nm

wird für den SNOM-Teil des Instruments nachgewiesen. Die Einzelmolekülsensiti¬

vität des konfokalen Mikroskops wird in verschiedenen Experimenten demonstriert.

Durch den Vergleich von simulierten und gemessenen Rasterbildern von einzelnen

Molekülen wird nachgewiesen, daß die theoretische Auflösungsgrenze erreicht wird. DiegrößteBeschränkungbeioptischenMessungenaneinzelnenMolekülenbeiZimmertemperaturistdiebegrenzteZahlvonemittiertenPhotonen.DieUntersu¬chungvoneinzelnenTerrylenmolekülen,dieineinenp-terphenylKristalleingelagertsind,weisteineextremhohePhotostabilitätderFluorophorenach.Mehrals108FluoreszenzphotonenwerdenimMittelvoneinemeinzelnenMolekülemittiertbevoresphotobleicht.DieseZahlübersteigtallezuvorbekanntenWerteummehralseinevu



Größenordnung. Allerdings emittieren Fluoreszenzmoleküle, die in der Biologie als

Marker eingesetzt werden, unter physiologischen Bedingungen im Mittel nur etwa

105 Photonen bevor sie bleichen. Aus diesem Grund bedarf es effizienter Methoden,

die es erlauben möglichst viel Information aus der begrenzen Zahl von Photonen zu

gewinnen. Eine neue Methode für effiziente und schnelle Identifikation von einzel¬

nen Molekülen wird vorgestellt, die auf gleichzeitigem spektral und zeitaufgelöstem

Photonenzählen beruht. Es wird nachgewiesen, daß wenige hundert detektierte Pho¬

tonen ausreichen, um ein beobachtetes Molekül mit einer Sicherheit von 99,9% einer

von vier verschiedenen Spezien zuzuordnen.

Ein wichtiger Parameter in verschiedenen Experimenten mit einzelnen Mo¬

lekülen ist die Orientierung des molekularen Absoptionsdipolmoments. So wird etwa

die Lebensdauer von Fluorophoren in der Nähe von dielektrischen oder metallischen

Grenzflächen durch die Orientierung des Moleküls beeinflußt. In der vorliegenden

Arbeit wird zum ersten mal gezeigt, wie ein konfokales Mikroskop eingesetzt werden

kann, um die dreidimensionale Orientierung eines Moleküls zuverlässig zu bestim¬

men. Die Methode beruht darauf, eine elektrische Feldverteilung im Fokus eines

Objektivs mit hoher numerischer Apertur so zu konstruieren, daß alle Feldkompo¬

nenten vergleichbare Größe haben. Einzelne Moleküle werden eingesetzt, um die

Feldverteilung im Anregungsfokus abzubilden, wodurch die durchgeführten Simula¬

tionen zur Berechnung der Feldverteilung verifiziert werden.

vm



1. General introduction

The topic of this thesis is the optical investigation of single-molecules at

room temperature. As an introduction into the field a brief review about the

advent of single-molecules studies is given. The potentials, limits, achieve¬

ments, and challenges of single-molecule measurements at room temperature

are discussed. The chapter closes with a preview of the contribution of this

work to the field.
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4 1. General introduction

1.1 Principle of the performed studies

This thesis is concerned with optical single-molecule studies at room temperature

using a home-built, high-resolution fluorescence microscope. For this kind of study

fluorophores are spatially separated by embedding them at low concentration in

a transparent matrix. They are excited by illumination with laser light, and the

resulting fluorescence light is detected by a sensitive microscope.

1.2 Brief history

The evolution of nano-science started with the invention of the scanning probe tech¬

niques like STM (Scanning Tunneling Microscopy), AFM (Atomic Force Microscopy)

and SNOM (Scanning Near-Field Optical Microscopy) in the 1980s. These instru¬

ments, capable of for controlling and imaging matter on the level of single molecules,

have provided unique information about conformational and mechanical properties

of molecular systems [38]. In contrast to scanning probe techniques, which are re¬

stricted to the investigation of surfaces, optical far-field techniques make it possible

to address molecules deep inside a transparent bulk sample. Because optical far-field

techniques require no mechanical contact, they allow for a non-invasive investigation

of the sample. Optical detection of single molecules has been achieved for the first

time in 1989 in a low-temperature absorption experiment [75]. A drastical improve¬mentofthesignal-to-noise-ratiowasobtainedoneyearlaterbyapplyingfluorescencetechniquestolow-temperaturesingle-moleculeexperiments[85].In1990thedetec¬tionofsinglefluorophoresatroomtemperaturewasachievedinsolution[21].Opticalimagingofimmobilizedsinglefluorophoresatroomtemperaturewasdemonstratedforthefirsttimein1993bynear-fieldmicroscopy[16],followedbyopticalfar-fieldexperiments[34,54,71],whichinparticularopenedthewayfornon-invasivelystudy¬ingbiologicalprocessesunderphysiologicalconditions.Sincethattimethefieldofopticalsingle-moleculestudiesconcerningexperimentsatroomtemperatureaswellasatlowtemperatureshasbeendevelopingrapidly.Thereareseveralexcellentreviews[29,80,90,126,129]ofthesedevelopments.
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1.3 Potentials and achievements of single-

molecule studies

Single-molecule experiments have essential advantages over ensemble measurements,

because they yield distributions and time trajectories of observables in addition to

averaged values.

For example a single-molecule study could prove that the origin of the multi-

exponential electron-transfer kinetics, which were observed in ensemble measure¬

ments of photo-induced electron transfer from fluorophores to a semiconductor sur¬

face, is the static inhomogeneity of site dependent single-exponential transfer kinetics

for each single fluorophore [67].

If the molecules of interest are not fluorescent themselves, they can be tagged

with fluorophores. This allows their identification, the determination of their posi¬

tion, as well as the tracking of their motion.

Great benefits were gained in the investigation of molecular motor activities by fol¬

lowing the motions of labeled subunits. These measurements revealed that a kinesin

molecule slides along microtubules in steps of 8nm [104], the rotation of Fi-ATPase

was observed which rotates with discrete 120° steps [131], and the movement of a sin¬

gle myosin head along an actin filament in regular steps of 5.3 nm was observed [57].

Distances on a nanometer scale can be determined betweenacceptoranddonorfluorophoresusingsingle-moleculefluorescenceresonantenergytransfer(FRET).Labelingonemacromoleculeatspecificpositionswithdonorandacceptorfluo¬rophoresallowsfollowingintramolecularmotions.Theassembly-disassemblyofindividualproteinsaswellasconformationalchangesoccurringwithinasingleproteinmoleculewereobservedbylabelingdifferentpro¬teinsubunitswithdonorandacceptorfluorophoresandperformingFRETmeasure¬ments[53].Time-dependentprocessesandreactionpathwayscanbefollowedwithouttheneedforsynchronizinganensembleofmolecules,ifatallpossible.Subpopulationswithdifferentbehaviorcanberevealedininhomogeneousensembles.Rareorshorttransientintermediatescanbeobserved,thataredifficulttocaptureinensemble
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measurements because of their low steady-state concentrations

A single-molecule study of RNA catalysis and folding was performed by attaching

a donor and acceptor fluorophore to specific sites on the ribozyme molecule [136]

Three different folding pathways were observed, each with at least one intermediate

state A fast-folding pathway was recorded, which had remained unobserved in

ensemble measurements

The small size of a single molecule and the sensitivity of its fluorescence prop¬

erties to external perturbations makes it an ideal local sensor Thus, static and

dynamic heterogeneities m populations of molecules m a complex condensed system

can be identified and related to the molecular environment A single molecule can

be utilized to test microscopic theories Even controlling the properties of a single

fluorophore by selective external perturbations is possible

Fluctuations in time-resolved fluorescence spectra of smgle-fluorophores attached to

a protein were observed and attributed to slow spontaneous conformational changes

of the protein [127] Following a labeled lipid molecule m the membrane of a living

cell revealed spatial heterogeneities in the shape of
hpid-specific

membranedomainswhoseexistence,locations,shapesandmotionscouldbeobserved[106]Controlledlife-timechangesofafluorophoreweredemonstratedbyscanninganear-fieldtipabovethefluorophore[2,116]1.4LimitationsandchallengesofsinglemoleculestudiesMajorlimitationmopticalsingle-moleculestudiesatroomtemperatureresultfromthelimitednumberofphotonsemittedbyafluorophore(seechapter2)Afterthefluorophoreisphoto-bleacheditcannotbeusedforfurtherinvestigationsThisimpliestheneedforsensitivemicroscopeswithhighdetectionefficiency,tocollectasmuchaspossibleofthelimitedamountofphotonsMoreover,anydevelopmentwhichprovidesmorephotostablefluorophoresisofutmostimportanceAhigherphotostabihtycaneitherbeachievedbyappropriateenvironments(seechapter4)whichprotectthefluorophores,orbydevelopingmorephotostabledyesor

other
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fluorescing nano-particles. As long as no better dyes are available and the experi¬

ment demands a certain environment like physiological conditions for investigating

biological processes, methods are required which gain as much information as pos¬

sible from each emitted photons (see chapter 5). In general the more characteristic

parameters are extracted the fewer photons are required for non-ambiguous con¬

clusions. As an example one can think of identification, where every determined

observable, in which the species differ, helps to distinguish between them. Simul¬

taneous determination of various parameters is also needed for other applications

because the change of one observable can influence another observable, which can

lead to ambiguous measurements if not all observables are observed simultaneously.

This implies also the need for doing appropriate statistical analyses and develop¬

ing a statistical theory of molecular interactions. For example, the lifetime of a

fiuorophore in the neighborhood of a metallic surface or a dielectric interface does

not only depend on the distance to the surface but also on the orientation of the

molecule [23,69,70,86]. The transfer efficiency in FRET measurements does not

only depend on the distance, butsimultaneouslyonthemutualorientationofdonorandacceptor[41].Inapplicationslikethese,determinationoftheorientationofthemoleculartransitiondipolesisanimportanttask.Asamatteroffact,standardpo¬larizationmicroscopyyieldsonlyinformationaboutthein-planecomponentoftheemissiondipolemoment.Recentlydevelopedwide-fieldmicroscopytechniquesfordeterminingthefullthree-dimensionalinformationofthedipoleorientationrelyondefocusingoraberratedimagingwiththedrawbackofdiminishedresolution[27,102].Scanningnear-fieldmicroscopy,too,canbeutilizedforthree-dimensionalorienta-tionalimagingofmoleculesatthesurface,basedonanalyzingtwoimagesofthesamesamplearearecordedwithdifferentpolarizationsoftheexcitationlight.Theanalysisrequiresdetailedknowledgeabouttheopticalprobe[124].Inconclusionthereisaneedforareliable,high-resolutionfar-fieldtechniquefororientationalimaging(seechapter6).Single-moleculestudies,combiningsensitiveopticalmeasurementswithsingle-moleculemanipulationtechniqueslikepatch-clamb,atomicforcemicroscopy,andopticalormagnetictweezer,couldprovideevenmoreinformationaboutmolecular
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processes. A discussion of this issue would be challenging but is beyond the scope

of this introduction.

1.5 Preview of this work

The main focus of this thesis is on the development of methods and instrumenta¬

tion aiming at optical single-molecule studies at room temperature. According to

the foregoing section today's technical challenge is the simultaneous determination

of all possible observables with as possible high resolution and few required pho¬

tons. The objects under investigation in this work are the single molecules as well

as the instruments. Both topics are complementarily interconnected because the

instruments are utilized for investigation of single molecules and vice versa.

Chapter 2 provides the fundamentals which are required to understand the con¬

cepts underlying the following chapters. The chapter is divided into two parts. The

first part is concerned with basic photo-physical properties of fluorescent molecules.

The necessary requirements for single-molecule studies are discussed. The second

part provides the basics of optical imaging. A brief introduction to the angular

spectrum representation of optical fields is given, a mathematical technique used

to describe propagation of light e.g. in optical microscopes. Using this terminology

the fundamental difference between near-field and far-field microscopy is discussed.Moreover,theprerequisitesforthecalculationofthefocalfield-distributioninascanningconfocalmicroscopeareprovided,whichwillbeneededinchapter6.Chapter3dealswiththeinstrumentdesignedwithinthiswork.Theguidelinewastostrivefortherequirementsofsingle-moleculestudies(seesection2.1.2)andtodetermineallparametersdescribingafluorophorewithamostpossiblehighres¬olution.Acombinationofascanningconfocalopticalmicroscope(SCOM)andascanningnear-fieldopticalmicroscope(SNOM)wasrealized.Additionally,afab¬ricationmethodforopticalnear-fieldprobesispresented,wellsuitedforevery-dayusebecauseitisreliable,easytohandle,inexpensiveandpermitsbatchproduc¬tion.ThecapabilitiesofSCOMaswellasSNOMaredemonstrated.ItturnedoutthatSCOMismuchbettersuitedforroutinesingle-moleculestudies.Therefore,all
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studies presented in the forthcoming chapters are performed by utilizing the SCOM

part of the instrument.

In chapter 4 single terrylene molecules embedded in a p-terphenyl crystal are

investigated. The most prominent result presented in this chapter is the fact that

this system provides an extraordinarily high photostability of the fluorophores. This

was exploited for measurements which demonstrated for the first time non-classical

photon statistics at room temperature [32].

Chapter 5 presents a new method for rapid and reliable identification of sin¬

gle molecules by spectral and simultaneously time-resolved photon counting. This

method relies on analyzing each successively detected photon by comparing the de¬

termined observables with experimentally obtained fingerprints of different species

which describe the distributions of these observables.

In chapter 6 the main result of this thesis is shown. Simulations and measure¬

ments are presented which show that the focal field distribution of a high numerical

aperture lens can be engineered such, that all electric field components acquire com¬

parable magnitudes. Single molecules were utilized to map the field distribution.

Relying on characteristic image patterns, a method is presented which allows for a

reliable and easy determination of the three-dimensional orientation of arbitrarily

oriented single molecules on the basis of a single SCOM image while simultane¬

ously benefiting from the SCOM immanent advantages of high spatial and temporal

resolution.
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2. Fundamentals

This chapter describes the basic concepts that are required to understand

the single-molecule experiments which are presented in the following chap¬

ters. The first part of this chapter is concerned with the basics of fluo¬

rescence. In summary, a fluorophore is described by its spatial parameters

(position, orientation of absorption and emission dipole), its spectral pa¬

rameters (absorption and emission spectrum), its dynamics (singlet lifetime,

triplet lifetime, intersystem crossing rate) as well as its absorption cross sec¬

tion, fluorescence quantum yield, and photo-bleaching quantum yield. The

requirements for single-molecule studies are discussed. The second part of

this chapter provides the basics of optical imaging. A brief introduction

into the angular spectrum description of optical fields is given, a mathe¬

matical technique used to describe the propagation of light e.g. in optical

microscopes. It is applied to the discussion of basic properties of near-field

and far-field optical imaging.
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2.1 Basics of optical single-molecule studies

2.1.1 Fluorescence

All experiments within this work are performed with fluorescent molecules at room-

temperature. In such experiments the characteristic fluorescence properties of the

fluorophores are the possible observables. The different observables and their de¬

pendence on environmental parameters are discussed in the following.

Simple three level system

The characteristic fluorescence properties of fluorophores are determined by the

photo-physical processes which occur between the absorption and the emission of

light. Different species of fluorophores can be distinguished on the basis of their

specific fluorescence properties.

A Jablonski-diagram (see figure 2.1) can be used to describe the underlying

photo-physical processes. The three lowest electronic states are depicted as thick

s.

Ä

Ex

ISC .i

Ki ic

: ir.i
£j

T,

K31

Figure 2.1: Jablonski diagram.
ThethickhorizontallinesmarkedwithSo,Si,andT\arethethreelowestelectronicstates.Thethinlinesdepictthecorrespondingvibrationalstates.Transitionsbetweenthestatesareillustratedasarrows:exci¬tation(Ex),fluorescence(F),non-radiativerelaxationbyinternalconversion(IC),inter-systemcrossing(ISC).Therelevantdecayratesk2i,k23,and£31aredepicted.horizontallines.Ateachoftheseelectronicenergylevelsthefluorophorecanexistin
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a number of vibrational energy levels (thin horizontal lines). The arrows illustrate

transitions between the states which occur in about 10~15s.

At room temperature, thermal energy (kT ~ 200 cm-1) is not sufficient to

significantly populate the excited vibrational states (energy spacing between vibra¬

tional states ~ 102 — 103cm-1). For this reason absorption typically takes place

from the lowest energy level. The ground state of a typical fluorescent molecule is a

singlet So because usually its electrons are all paired. The probability for absorption

a photon is determined by the absorption dipole moment of the molecule and the

energy density of the excitation light.

By absorbing a photon the fluorophore is excited (Ex) to one of the vibrational

levels of the first excited state, which is again a singlet. In condensed matter the

molecule relaxes rapidly (10~12s or less) to the lowest vibrational level of Si; this

process is called internal
conversion(IC).Becausethesingletlifetimeisaboutthreeordersofmagnitudelonger,internalconversionisusuallycompletedbeforefurtherprocessestakeplace,whicharethereforeindependentoftheexcitation.FromSithereareseveralrelaxationpaths:(1)afluorescencephoton(F)isemitted,takingthemoleculebacktooneofthevibrationallevelsofthegroundstate.Againinternalconversioncausesarapidre¬laxationtothelowestvibrationallevelSo-AccordingtotheFranck-Condonprincipletheemissionspectrumhasusuallytheshapeofthemirroredabsorptionspectrum.Moreovertheemissionspectrumisred-shifted,becausetheenergyoftheemissionisusuallylessthanthatoftheabsorptionascanbeseenintheJablonski-diagram.ThisleadstothesocalledStokes-shift.(2)theexcitationenergycandissipatenon-radiativelybyinternalconversion.ThetotalSi—>SorelaxationrateincludingallprocessesisA^i-(3)AmoleculeintheSistatecanalsoundergoaspinconversion,calledinter-systemcrossing(ISC),tothefirsttripletstate7\.TherateofthisISCisk23Thetripletlifetimeisusuallyseveralordersofmagnitudelongerthanthesingletlifetime,becausetheradiativetransition,calledphosphorescence,fromTitoSiisforbidden.TheT\—>Sorateis

fc3i.
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Back in the ground state So the described cycles start again until the molecule

photo-bleaches. About 105 — 106 cycles before photo-bleaching is a typical number

for widely used fluorophores at ambient conditions. The inter-system crossing yield

is often in the range of 10~2 which implies that the molecule will pass through the

triplet state many times during its life. Excursions to the triplet state are visible

as off-times in the fluorescence of the molecule, provided that the triplet lifetime is

longer than the average excitation-emission cycle time.

Transition dipole moment

Fluorescence result from the interaction of light with a fluorophore. Knowledge

about
thisinteractionandthefluorophoreallowsforinvestigationofopticalfields.Inchapter6.4.1itisdemonstratedthatsinglemoleculescanbeutilizedtomapelectricfieldcomponentsinconfinedopticalfields.Acommonprocedurefordescribingthelight-moleculeinteractionistousetheelectric-dipole-approximation[55].Inthesimplestcasetheabsorptiondipoleandtheemissiondipoleofafluorophorehavethesametransitiondipolemomentd.TheinteractionofanelectricdipolewithanoscillatingelectricfieldE=E0coscut,likecontainedinaopticalfield,isrestrictedtothecomponent,whichisparalleltothedipole[55].Inviewoffluorophore-lightinteractionthisresultsinafluorescencerateRwhichisdirectlyproportionaltothesquaredelectricfieldcomponentparalleltothemolecularabsorptiondipole[90]:R(r)=cd-Ê(f)2=c-E\f(f),(2.1)whichisvalidwellbelowsaturation.Here,distheunitvectoralongtheabsorptiondipolemomentofthemolecule,E(r)istheelectricfieldvectoratthepositionfofthemolecule,E^(f)isthesquaredcomponentoftheelectricfieldparalleltod,andcisaconstant,whichisdefinedattheendofthissection.Accordingtorelation2.1,afluorophorewithafixedabsorptiondipolemapsthedistributionoftheparallelsquaredelectricfieldcomponentE»ofanopticalfieldifthemoleculeismovedwithhighspatialaccuracythroughthefieldandthe
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fluorescence rate is recorded at each point. Vice versa the resulting fluorescence in¬

tensity map R(f) allows for concluding about the orientation of the imaged molecule

provided the field-distribution E(r) is known (see chapter 6.4.1). The emitted flu¬

orescence light is polarized along the emission dipole orientation, which allows for

determining the orientation of emission dipole by analyzing the polarization of the

emitted light [45]. Arigorousderivationofequation2.1isbeyondthescopeofthisthesis,buttheunderlyingtheoryshallbebrieflymentioned.Oneusuallystartswiththeopti¬calBlochequationsinrotatingwaveapproximation[90],whichdescribethetime-evolutionofthepopulationsinathreelevelsystemdrivenbyexcitationlightlikedepictedinfigure2.1.Thesteady-statesolutioncontainsamongothersthemeanpopulationP22oftheS'l-stateanditsradiationlifetimeTraciindependencyontherates^21,^23,andk3i.WiththisinformationthespontaneousemissionrateR=-J^-•*radcanbecalculated[90]:j-,2(dvacE)TiT2/KTrad~l+[(a;-u;o)T2]2+4(dvacÊfTXT2K,<h'whereT\=(k2i+A^)-1isthelifetimeofSi,T2isthedephasingtime,Traa-=T\l4>fistheradiativelifetimewherecj)fisthefluorescentquantumyield,K=1+0.5^-,u)isthefrequencyoftheexcitationlight,anduqistheresonancefrequencyofthemolecule.RecallingthatthedephasingtimeT2atroomtemperatureisintherangeof10~12secondsandprovidedthattheexcitationfrequencydoesnotdifferbyordersofmagnitudefromtheresonancefrequencyofthemolecule,theemissionrateatroomtemperatureisgivenby:f?—2(dvacE)TiT2/hTrad~1+A(dvac-ÊyT1T2K/h'ThefullysaturatedemissionrateR^isachievedforhighexcitationintensitieswhenthefirstterminthedenominatorinequation2.3canbeneglectedcompared
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to the second which reduces equation 2.3 to:

*- = tés • (2-4)

where K = 1 + 0.5^^ describes the effect of the triplet bottleneck in the three level

system. The effect of the triplet bottleneck on R^ is the larger the larger /c23 and

the smaller fc31 is. Another limitation for the emission rate is the finite radiative

lifetime Tra(i which causes anti-bunching in the emission of two successively emitted

photons.

Well bellow saturation the second term in the denominator in equation 2.3 is

much smaller than the first term, which leads to

R = c- (dvac Ê)2 , (2.5)

with

c = W* (2-6)
hT,rad

External influence on fluorescence

The fluorescence behavior of a fluorophore is influenced by its environment. For

this reason a fluorophore can be utilized as local probe. Following the fluorescence

behavior of a fluorophore it is possible to observe the interaction between the fluo¬

rophore and a second molecule. On the other hand it is also possible to design the

environment in view of desired properties, for example working at low temperature allowsforachievingnarrowspectrallinewidths.Inchapter4itisdemonstratedthatanextraordinaryhighphoto-stabilityofterrylenemoleculesatroomtemperaturecanbeachievedbyembeddingtheminacrystal.Butevenundertheprotected
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conditions within a crystal the fluorescence shows on-off behavior, which can be ex¬

plained by diffusing oxygen molecules occasionally coming close to the fluorophore.

One effect of the environment on the fluorophore is the decrease of the fluores¬

cence rate, which is called quenching. Quenching can occur by different mechanisms

depending on the fluorophore and environmental parameters.

In the case of collisional quenching the fluorophore during the encounter with

the quencher goes to the triplet state or back to the ground state without emitting

light. Quenching by heavy atoms is explained by enhanced spin-orbit coupling

and a consequently increased rate of inter-system crossing to the triplet monitored.

Another model is used in the case of oxygen, which is the most prominent quencher.

If an oxygen molecule in its ground state 3C>2 encounters the fluorophore in its

excited singlet or triplet state, the excitation energy is transferred to the oxygen

molecule, generating the 1Sq state of the fluorophore and 10^, the first excited state

for the oxygen known [37]. This can subsequently result in photo-destruction of the

fluorophore due to reaction with the highly reactive singlet oxygen.

Fluorescence quenching of a fluorophore can also occur due to energy transfer toametallicstructureincloseproximitytothemolecule[59,86].Quenchingprocessesrelyingonenergytransfertootherchannelsthenrelaxationbyemissionofaphotonarealwaysconnectedwithadecreasinglifetimeoftheexcitedstate[23,87],becausethelifetimeisinverselyproportionaltothesumofallratesleadingawayfromtheexcitedstate.Forthisreasonchangesinthefluorescencedynamicsreflectchangesintheenvironment.Anotherprominenteffectisthefluorescenceresonanceenergytransfer(FRET)[41,59].FRETreliesonenergytransferfromadonorfluorophoretoanacceptorfluorophore,whichbecomesobservableasacceptorfluorescence.Energyistransferedbydipole-dipolecouplingifthedistancebetweenacceptoranddonorisintheorderofafewnamometers,wherebytheamountofenergytransferdependsstronglyonthedistanceandthemutualorientationofthetwofluorophores.Forthisreasonsingle-pairFRETallowsforprecisedistancemeasurementsonananometerscale,providedthatinformationaboutthemutualorientationofbothfluorophoresisavailable.
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Observables in optical single-molecule studies

In conclusion, the possible observables in optical measurements on single-molecules

are the spectral properties of the fluorophore (absorption and emission spectrum),

its dynamic (singlet lifetime, triplet lifetime, intersystem crossing rate), spatial pa¬

rameters (position, orientation of absorption and emission dipole) as well as ab¬

sorption cross section, fluorescence quantum yield (the probability for the emission

of a fluorescence photon per excitation circle), and photo bleaching quantum yield

(the probability for photo-bleaching per excitation circle). Interaction between two

molecules or one molecule with its environment can be studied by observing and

interpreting changes in these observables.

2.1.2 Requirements for single-molecule studies

Choose appropriate fluorophores and environmental conditions

For performing optical measurements on a single molecule, it should be bright and

stable. This requirements can be expressed in terms of photo-physics and photo¬

chemistry, respectively.

For achieving the highest fluorescence rate at a given excitation intensity

• the absorption dipole moment of the fluorophore should be as large as possible,

• the fluorescence quantum yield should be almost one: <&/~1,•theradiationlifetimeTradoftheS\stateshouldbeasshortaspossible,•theinter-systemcrossingrateshouldbesmall:k2j,~0,•thetripletlifetimeshouldbeasshortaspossible,•andnon-radiativeenergytransfershouldbeavoided.Thephoto-stabilityofafluorophoreismainlydeterminedbyenvironmentalparame¬ters.Acrystallinehostcanprovideprotectingconditions(seechapter4).Formany
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single-molecule application in biology or chemistry ambient conditions are required.

In these cases dispositions for oxygen protection should be made.

Experimental requirements

The only fundamental requirement for a single-molecule experiment is a sufficient

signal-to-noise ratio (SNR). To distinguish between signal and background, mainly

the above discussed Stoke shift in the wavelength of the fluorescence against excita¬

tion is exploited. Also time-gated detection can be utilized for this purpose e.g. if

pulsed excitation is used.

A high signal can be achieved by meeting the above mentioned criteria for a high

fluorescence rate of the single fluorophore, providing a high collection and detection

efficiency, and working with an appropriate integration time.

The noise should be as small as possible by a given single-molecule signal. Three

sources of noise can be distinguished: shot noise form the background luminescence,

shot noise from the single molecule fluorescence itself, and dark counts. All three

sources of noise are discussed in the following with respect to possibilities to improve

the SNR.

Shot noise form the background luminescent can arise from other luminescing

molecules in the excitation volume, luminescing optical components, and stray light

from the laser. These background contributions increase
proportionallywiththelaserpower.Incontrasttothat,thesingle-moleculesignalsaturatesatacertainexcitationpower,becauseofexcursionstothedarktripletstate,whichbecomedominatingathighexcitationpower,andduetotheanti-bunchingproperty(itisveryunlikely,thatasinglemoleculeemitstwophotonssimultaneouslyorwithtimelagsordersofmagnitudesmallerthenitssingletlifetime).Forthisreasonsingle-moleculeexperimentsareperformedwellbelowsaturation.Tostriveforalowbackground,notchandbandpassfiltersshouldbeusedforefficientlyblockingoftheexcitationlaserlight.Highqualityopticalcomponentswithsmallauto-luminescencearerequired.Becauseauto-luminescenceincreasesstronglywhentheexcitationwavelengthislowered,fluorophoresshouldbechosenwhichcanbeexcited
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in the green or red. The background contribution from other luminescing molecules

can be decreased by working with small illumination volumes, thin samples, and

again long wavelength excitation.

The shot noise of the single molecule is given by the square root of the single-

molecule signal and consequently it can not be decreased by a fixed signal. However,

well below saturation the signal of the single-molecule increases proportional with

the laser power and with that faster then its shot noise, which results in a improved

SNR with increased laser power.

For achieving a low dark count contribution a detector with small dark count

rate should be chosen, whereby a high SNR simultaneously requires a high quantum

efficiency. Beside electronic noise, dark counts caused by residual room and stray

light should be avoided.
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2.2 Basics of optics

2.2.1 Goal of optical microscopy

In order to optically image an object it is illuminated by light. This causes different

interactions between light and matter like absorbance, diffraction, scattering, refrac¬

tion, fluorescence etc. to take place. The result of these interactions is a complex

optical field distribution emerging from the object. Let z = 0 be the plane of the

object, where z is the optical axis of an imaging system. In the following sections

it will be discussed how an optical field distribution E in the object plane evolves

along the optical axis. This optical field is denoted as E, because in most optical

experiments only the electrical part of an electro-magnetic field can be measured.

The ultimate goal of optical imaging is to get a field distribution E% in the

image plane which is a perfect, magnified and eventually amplified replica of the

field distribution
Eintheobjectplane:Êt(xt,yt)=a-Ê(^t^,0),(2.7)whereMisthemagnificationoftheimagingsystem,xz,yzareCartesiantrans¬versecoordinatestodescribethespatialpositionsintheimageplane,andaistheamplificationfactor.2.2.2AngularspectrumrepresentationofopticalfieldsTheangularspectrumrepresentationisaverypowerfulmathematicaltechniquetodescribepropagationoflightinopticalmicroscopes[39].Thefollowingbriefintroductiontotheangularspectrumservesasbasisforadiscussionaboutpotentialsandlimitsofopticalfar-andnear-fieldmicroscopy(seethefollowingsections)aswellasforthedescriptionofcharacteristicparametersoftheimplementedmicroscope(seechapter3).Moreover,theangularspectrumrepresentationisthemathematicalinstrumentforthecalculationoffield-distributionsinthefocalregionofahighnumericalapertureobjective(seechapter

6).
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The angular spectrum representation of an optical field Ë across a plane, here

z = 0, comprises its decomposition into an infinite series expansion in terms of

Fourier components. The amplitude-distribution of the Fourier components is called

angular spectrum A and forms a Fourier transform pair with the field-distribution

—A

E.

E(x,y;0) = T~x {Â0(kx, fc,)} = i- f f
Â0(kx,

ky)e^x+^dkxdky,(2.8)Mkx,ky)=r{E(x,y;0)}=^yJE(x,y;0)e-^x+kyyUxdy,(2.9)wherekx,kyarereciprocalcoordinatesalsocalledspatialfrequencies.Recallingtheequationforaunit-amplitudeplanewaveinthethree-dimensionalspaceW(x,y,z)=e<k*x+kvy+k*zï(2.10)propagatingindirectionk=(kx,ky,kz)withkt:=yjk*-kl-kl,(2.11)wherek2=(^)2withtherefractionindexnofthemediumandthewavelengthAinvacuum,thefieldEcanbeconsideredasasuperpositionofaninfinitesetofplanewavesobservedintheplanez=0.Theplanewavewithdirectiondeterminedbyk=(kx,ky,*/(2nn/\)2—kx—té)contributesaccordingtothecomplexamplitudeA0(kx,ky).ThisisthereasonwhyA0(kx,ky)isalsocalledangularspectrumofplanewaves.Figure2.2illustratesaplanewaveintheobject-planebydepictingitswave-frontsasphase-zerolines.Thefigurevisualizesthespatialfrequencieskx,ky,andshowsk\\,whichisthein-planeprojectionofthewavevectork.Thefieldintheplanez=0givesrisetoafielddistributionacrossaparallelplaneatadistancezwhichis,inanalogytoequation2.8,representedbyE(x,y;z)=J'-1[Äz(kx,ky)^=^JJÂz(kx,ky)e^x+kyyUkxdky.

(2.12)
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Figure 2.2: Zero-phase lines of a plane wave in the object plane.

The relation between Az(kx,ky) and Ao(kx,ky) is determined by Maxwell's equa¬

tions. For propagation within a linear, isotropic, homogeneous, non-dispersive and

non-magnetic dielectric medium the Helmholtz wave equation V2E + k2E = 0 has

to be satisfied [55]. Direct application of this requirement to equation 2.12 shows

that A must satisfy the differential equation

d2

-j-~2
+ kz J Az(kx, ky) = 0, (2.13)

which describes the evolution of the angular spectrum A in ^-direction. A general

solution of thisequationisgivenbyikzzz<0Az(kx,ky)=A0(kx,ky)\e+ikzzz>q(2.14)propagatorTheangularspectraoftheobjectplaneandanarbitraryparallelimageplaneareconnectedbyafactorwhichiscalledpropagator.The'±'signsintheexponentsspecifytwosolutionswhichcorrespondtoawavepropagationintothehalf-spacesz>0andz<0,respectively.Thepositivesignhastobechosenmcaseofpropa¬gationinthehomogeneoushalf-spacez>0inordertoensurethattheintegralmequation2.12convergeseveninthecaseofimaginarykz,ananalogousargumen¬tationholdsforthenegativesignforz<0.ThiscorrespondstotheboundaryconditionthatA—>0forz—>±ooChoosingtheimageplaneinthepositivehalf
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space reduces equation 2.14 to Az(kx, ky) = A0(kx, ky)elkzZ which can be introduced

into equation 2.12 yielding the field distribution in the image plane:

E(x,y;z) =
-L f JÂQ(kx,ky)e^zel^x+kyyUkxdky. (2.15)

2.2.3 Near-field and far-field region

Two regions in the frequency space should be distinguished because of the

completely different propagation-behavior of the corresponding angular spectrum

components of an optical field.

Region 1: yj^i. + k% > ^p or anal°g°us ^z is imaginary.

For high spatial frequencies kx, ky complying with this condition
thepropagatorturnsintoanexponentiallydecayingfunction.Componentsoftheangularspectrumwithinthisregionarecalledevanescentwaves.Thecontributionofevanescentwavecomponentstotheangularspectrumisstronglyattenuatedduringthepropagationinz-directionandisnegligibleifthedistancebetweenobjectplaneandimageplaneissufficientlylarge(ruleofthumb:z>A).Inotherwords,highspatialfrequenciesoftheoriginalfieldarefilteredoutduringthepropagationprocesswhichcanthereforeberegardedasalow-passfiltering.Theregioninspacewherethesehighfrequencycomponentsarelostiscalledfar-field.Indirectvicinitytotheobjectplane,wheretheystillcontributetotheangularspectrum,thetermnear-fieldisused.Region2:y/k%+k^<^oranalogouskzisreal.Forthesesmallspatialfrequencieskx,kyoftheoriginalfieldthecorrespondingcomponentsoftheangularspectrumareplanewaves.Theeffectofthepropagationoveradistancezissimplyaphaseshiftwhichdependsonkxandky.Sinceeachplanewavecomponenttravelsatadifferentangle,eachhasanotheropticalpathlengthbetweentwoparallelplanesandrelativephasedelaysarethusintroduced.Asaconsequence,near-fieldmicroscopycantheoreticallyprovidewithinforma¬tionsaboutthefullrangeofspatialfrequencycomponentscomprisedintheoptical
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field in the object plane. In contrast to that far-field microscopy is in pinciple

restricted to information about small spatial frequency components.

2.2.4 Evolution of propagating components

In many application like confocal microscopy only propagating components of the

angular spectrum are concerned. Considering only the propagating part of the

angular spectrum
thecorrespondingfieldintheimageplaneisaccordingtoequation2.15,p.24givenbyE(x,y;z)=-^ffAQ(kx,ky)e^zel^x+ky^dkxdky.(2.16)fcl+fc2<27Ttt/ATocalculateanasymptoticfar-zoneapproximationE^forr=\Jx2+y2+z2—>•oothemethodofstationaryphasecanbeusedwhichisdescribedin[72].OnlytheresultshallbepresentedheresayingthattheopticalfieldfarawayfromtheobjectplaneislinkedtotheangularspectrumintheobjectplanebyAo\kx,ky)—-hçoykx,ky,kz),\l.Yi)vzwhichimpliesthatonlyoneplanewavewiththewave-vectork=(kx,ky,kz)deter¬minesthefar-fieldatapointlocatedinthisdirection.IntroducingthisexpressionforA0inequation2.16leadstotheconnectionire—ikrEoo(kx,ky,kz)e^'e^x+kyy)E(x,y;z)=—^-//°°v"v'z'kdkxdky(2.18)kl+kl<2im/Xvzbetweenthefar-fieldÈœandthefieldÈintheimageplane.Thisrelationshowsthat,aslongevanescentfieldsarenotpartofthesystem,thefieldEanditsfar-fieldi?ooformalmostaFouriertransformpair.Intheparaxialapproximationkzmk,EandEqoformaperfectFouriertransformpair.Thefield-distributioninthefocalregionofahighnumericalaperturelens,likeusedinhighresolutionconfocalmicroscopy,canbecalculatedwithhelpofequation
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2.18, even if the paraxial approximation is not valid in this case (see chapter 6.4.1

for a detailed discussion).

2.2.5 Point spread function of an optical imaging system

The image properties of a microscope can be quantified by its point spread function

—* —* ~

(PSF) h, which is the image-field E% resulting by imaging a single point positioned

at xo,yo m the object plane. The following arguments and formulas are valid for

each component of h, E and A.

hz(xl} yt;x0,
yQ)=E*(xt,yt),(2.19)wherezdenotesthepositionoftheimageplane,andxl,ylarethespatialcoordi¬natesintheimageplane.KnowingthePSFandrelyingonthelinearityofwavepropagation,theimagefield-distributionEz,resultingfromanarbitraryfielddistri¬butionE0intheobjectplane,canbecalculatedbyasuperpositionintegralofE0andthePSFh[39]:El(xuyl)=hz(xt,y1;x0,y0)E0(x0,y0)dx0dy0.(2.20)Foroptimalimaging,asdescribedinsection2.2.1,thePSFhshouldbeaDiracdeltafunctionhocô(xl+Mx0,y%+My0),whereMisthemagnificationfactor.ThismeansthattheimageofapointisapointandonlythedistancebetweentwopointsintheimageisbythefactorMlargerthanintheobject.ApointintheobjectplaneismathematicallyrepresentedbyafieldwithE0=5(x,y).Theangularspectrumofadeltafunctionisuniform:[39]:A50(kx,ky)=F(6(x,y))=±-fJS(x,y)e-l^x+kyyUxdy=const\fkx,ky.(2.21)ThePSFisgivenbytheinverseFouriertransformofthecorrespondingangularspectrumAszintheimageplane,whichiscalculatedbyintroducingA50intoequation
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2.14, p. 23 resulting in:

A5z(kx,ky)(xelk*z . (2.22)

PSF in the near-field:

The idea of near-field techniques like scanning tunneling optical microscopy

(STOM) is to pick up the optical field directly at the object-plane. In the ideal

case all components of the angular spectrum can be collected, which results in

a near-field PSF hn, which is a Dirac delta function obtained by inverse Fourier

transformation of the detected uniform angular spectrum. To achieve an arbitrary
magnificationM,itissufficienttostretchthescaleoftheimage.Accordingly,be¬sidetechnicaldifficultiesthereisnofundamentalobstacletogetaperfectopticalimagebynear-fieldmicroscopy.Withincreasingdistancez,moreandmorehighfrequencycomponentsgetlost,whichcausesanarrowingoftheangularspectrumconnectedwithabroadeningoftheobtainablePSFhn.PSFinthefar-field:Duetothediscussedfrequencyfiltering,fromtheoriginalinfiniteangularspectrumonlytheinnercircularpartwithyjk\+k%<^parrivesatthefar-field.ForthisreasontheangularspectrumAsinthefar-fieldisgivenbyacirclefunction(seefigure2.4(a))A2irn^kj+wy<iAZ>\ikX,K)«ClrCU\Ax+kVZ7rn''notherwiseThePSFhfinthefar-fieldisgivenbytheinverseFouriertransformofthisconstrictedspectrumA6Z>X.TheresultisthereforenotapointbutapatternoffinitesizeasdeterminedbyinverseFouriertransformation.Inpractice,whenworkingwithalenswithaspecifiednumericalapertureNA,notallcomponentsofthepropagatingangularspectrumcanbecollectedwhichfurtherreducesthebandwidthtoyjk\+k%<27T^A.Thiscanbeillustratedifconsideringalens(L)specifiedwithanumericalapertureNAbeingusedwithanimmersionmediumhavingarefractionindexn.Accordingtothedefinitionofthenumericalaperture(NA=nsinö),only
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Figure 2.3: Lens with collection angle 9: only a restrained part of the angular

spectrum is collected.

plane waves at an angle of incidence smaller then 9 with respect to the optical axis

z are collected by the lens (see figure 2.3). For this reason the border plane wave

for collection by the lens has a wave vector k with a component k\\ = Jk\ + k£ for

which

k\\ = \k\ sin#
27m NA 2nNA

A n A

In figure 2.4 (a) the distribution of the angular spectrum is depicted. The PSF

hf for such a far-field imagingsystemisgivenbytheinverseFouriertransformofthecollectedcircularangularspectrum[39]:hf(x,y)=Es(x,y;z>A)exT1<circI2ÏWA\/k*+k2yJi(^P^T7)2ttNA\A2+y2whereJxisthebesselfunctionoffirstkindandfirstorder.Anopticalimageshowstheintensity,whichisthesquareofthefield,Is(x,y)=[hf(x,y)]2<xjhjERA1Vn\2-kNAn\\/x2+y2(2.23)
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This intensity distribution is refered to as Airy-pattern and is shown in figure 2.4 (b).

The diffraction limited width of an Airy-pattern can be characterized by the distance

(A = 0.61-^) between the central peak and the first minimum. As a definition

for the confinement of the field or the resolution of an imaging system it is more

appropriate to take the full width at half maximum (FWHM) of the central intensity

peak

FWHM = 0.51- X_
'NA~

(2.24)

(a)

Amplitude Intensity

Figure 2.4: (a) Two-dimensional distribution of the angular spectrum of an im¬

aged point-object in the far-field. The variables kx and ky are normalized and must

be multiplied by the factor 2n^A to get the collected angular spectrum if work¬

ing with lens with numerical aperture NA. (b) Corresponding
two-dimensionaldiffraction-limitedintensitydistributionofanimagedpoint-objectinthefar-field(Airy-pattern).Thedistancesxandytothecenterarenormalizedandmustbemultipliedwiththefactor-^togetabsolutevalues.Thespatialintensitydistribu¬tionin(b)isproportionaltothesquaredFouriertransformoftheangularspectrumdepictedin(a).TheFWHMofthePSFisacriterionfortheresolutionofthemicroscope,becauseitimplies,thattheimagesoftwoequallybrightpointsareseparatedbyadiptohalfofthemaximalintensity,ifthepointsintheobjectplanehaveadistancegivenbytheFWHM.Inconclusiontheopticalresolutionofafar-fieldmicroscopeislimitedtoabouthalfofthewavelengthused.Ofcourse,choosingadipof50%isarbitrarily.TheRayleighlimitisbasedonadipof26%andresultsina

better
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resolution. In a more realistic view including noise, the dip has to be deep enough

to be clearly visible. Thus the resolution is finally limited by the SNR in an image.



3. Instrumentation

The theoretical background and the actual realization of microscopy tech¬

niques implemented within this work are discussed. For this purpose an

introduction into scanning confocal optical microscopy (SCOM) and scan¬

ning near-field optical microscopy (SNOM) is presented. A home-made

instrument which combines SCOM and SNOM is discussed. High resolu¬

tion imaging and the suitability for single-molecule studies is demonstrated.

Moreover, the fabrication process of the near-field optical probes by tube-

etching is described in detail.

The part about the tube-etching technique is based on [113].
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3.1 Scanning confocal optical microscopy

3.1.1 Introduction

In scanning confocal optical microscopy (SCOM) [125] the sample is moved pointwise

through a confined illumination volume while recording the optical information point

by point. In figure 3.1 the principle of SCOM is illustrated. A diffraction limited

excitation volume is created by imaging a point-like light source (Pi) via an objective

lens (0) into the object plane. The light interacts with the matter within the

excitation volume (e.g. with an object marked with A in figure 3.1(b)) and the

resulting optical field is collected by the same objective lens and imaged onto a

detector (D) with a point-like active area (P2)- Objects outside of the focus (like B

and C in figure 3.1 (b) ) are hardly excited and moreover they are not imaged onto

the point-detector resulting in an inefficient detection and a very good suppression

of background. For these reasons SCOM allows for non-invasively imaging different

object planes within a thick sample (3-dimensional sectioning). A dichroic mirror

Figure 3.1: Principle of SCOM: (a) The focus is created by imaging a point-like
light source Pi via an objective lens O into the objectplane.LightfromthefocalregioniscollectedbythesameobjectivelensfilteredbyadichroicmirrorDManddetectedbyadetectorDwithapoint-likeactiveareaP2.(b)LightemergingfromoutoffocusobjectslikeBandCishardlydetected.
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(DM) which reflects the excitation light and transmits red-shifted light allows for

recording fluorescence images. SCOM belongs to the family of far-field microscopy

techniques because the size of the excitation volume is diffraction limited and the

optical information is collected by an objective lens positioned in the far-field of the

object.

3.1.2 Theory

According to equation 2.20, p. 26 it is sufficient to determine the point spread func¬

tion of the microscope for a quantitative characterization of the imaging process.

The intensity pattern of the PSF in a confocal microscope is produced by scanning

a point-object through the focus and detecting the resulting intensity at each point

by a point-like detector. Because the focus is
createdbyimagingapoint-likelightsourceintotheobjectplanethespatialdistributionoftheexcitationintensityisgivenbyanAiry-pattern(seeequation2.23,p.28)centeredaroundtheopticalaxis.Theimageofapoint-objectintheobjectplaneatthedetectorplaneisagainanAiry-patternwithapeak-intensitydirectlyproportionaltotheexcitationintensity.Thepositionoftheimagedependsonthepositionofthepoint-objectwithinthefocalregion.Onlyifthepoint-objectisontheopticalaxis,theprojectedAiry-patterniscenteredabovethepoint-detector.OtherwiseonlyintensitiesintheflankoftheAiry-patternaremeasuredbythedetector.InconclusiontheintensityofthePSFhcofaconfocalmicroscopeisproportionaltoasquaredAiry-pattern1becauseboththeexcitationandthedetectionefficiencyhaveapositiondependencywithinthefocuswhichisdeterminedbyanAiry-patternshapecenteredaroundtheopticalaxis.Is{x,y)~[hc{x,y)f=:Toberigorous,influorescencemicroscopythereareactuallytwodifferentA,theexcitationwavelengthinthecaseoftheexcitationPSFandthefluorescencewavelengthinthecaseofthedetectionPSF.Ji(^v^T?)2-nNAA\A2+y2

(3.1)
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Generally speaking, the total point spread function of an imaging system can be

regarded as the product of the excitation point spread function and the detection

point spread function,

total-PSF excitation-PSF • detection-PSF
. (3.2)

This means that the PSF of a confocal microscope is proportional to the squared

PSF of a wide-field microscope. The distance between the central peak and the first

minimum in the case of a squared Airy-Pattern is again A — 0.61-^-. Nevertheless

the resolution is slightly enhanced considering the full width at half maximum of

the central peak in the intensity pattern (see figure 3.2). Compared to the wide-

field FWHM,,, = 0.51
A

the confocal FWHMr 0-37^ is reduced by a factor

of 1.3. However, the main difference between wide-field and confocal microscopy
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Figure 3.2: Profiles through the center of calculated PSF-intensity distributions intheimageplaneincaseofconfocalmicroscopy(solidline)orwide-fieldmicroscopy(dashedline).Thedistancefromthecenterisnormalizedandmustbemultipliedwiththefactor-^togetrealdistances.isthefactthatconfocalimagingallowsforopticalsectioning[128].Confocalmi¬croscopyprovideswitharesolutioninz-direction,whichcanbecharacterizedbytheFWHMZ=1.26^[125].
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3.2 Scanning near-field optical microscopy

3.2.1 Introduction

Limitations of the optical resolution due to diffraction is a far-field effect (see section

2.2.5, p. 26). Scanning near-field optical microscopy (SNOM) allows for optical

imaging with resolution beyond the diffraction limit. The key idea was proposed

1928 by Synge [114] when he suggested to perform optical measurements in the near-

field of a sub-wavelength hole in an opaque screen which is illuminated from the back

side. In the middle eighties this idea was reinvented and experimentally realized by

Pohl [91], and independently by Lewis [65]. In figure 3.3 the principle of SNOM

is illustrated. By illuminating a sub-wavelength aperture in an opaque screen the

Figure 3.3: Principle of SNOM: An opaque screen (S) with a sub-wavelength aper¬

ture is illuminated from above. The sample is scanned in close proximity beneath

the aperture (distance <C A), whereby the dimensions of excitation volume is given
by the aperture size. An objective lens (O) collects the light from the focal region
which is centered beneath the aperture. The light passes a filter (F) and is imaged
onto a point-like detector (D). Objects like B and C which are not in the near-field

of the aperture are hardly excited and moreover they are inefficiently detected if

they are out of focus.
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light will, in close proximity to the screen, be constrained to the dimensions of the

opening. This strongly confined excitation volume can be exploited by scanning the

sample directly beneath the aperture. The light interacts with the matter within

the excitation volume and the resulting optical field is collected by an objective

lens (O), filtered by a filter (F) and imaged onto a detector (D). Objects outside

the near-field of the aperture marked with B and C are hardly excited. The small

excitation volume implies a high optical resolution. Because the excitation volume

is bound to the aperture, SNOM requires controlling the distance between aperture

and sample. This finally results in a combined topographical and optical image of

the sample-surface.

3.2.2 Theory

Like confocal microscopy SNOM is based on selective spatial illumination. As

pointed out in section 3.1 the point spread function in microscopy is equal to the

product from the excitation PSF and detection PSF (see equation 3.2) whereby

the FWHM of the squared PSF characterizes the resolution. Only with respect

to the excitation scheme there is a difference between SCOM and aperture SNOM

(compare figures 3.1, p. 32 and 3.3, p. 35). In aperture SNOM the confined excita¬

tion volume is defined by the near-field behind a sub-wavelength aperture e.g. in

an opaque screen which is illuminated
fromtheotherside.Thefielddistributionbehindacircularapertureinanideallyconducting,infinitylargeandinfinitythinscreenwasrigorouslycalculatedbyBetheandBouwkamp[13,20]inthelatefor¬ties.SincethistimetheBethe/Bouwkampclosedanalyticsolutionsofthismodelaremostlyusedtodescribethefield-distributioninapertureSNOM.However,theapertureofarealisticnear-fieldprobeispositionedattheapexofataperedwaveg¬uidecoatedwith~100nmmetal,ratherthaninaflat,infinitylargeandthinscreen.AccordingtotheBethe/Bouwkampmodel,theresultingfield-distributionbehindasub-wavelengthapertureisinhomogeneousevenforilluminationwithaplanewave.Figure3.4illustratesthespatialdistributionofdifferentelectricfieldcomponentsintheopticalnear-fieldofanaperture.Thefielddistributioninaplanebeneath
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illumination
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Figure 3.4: Inhomogeneous field-distribution in the optical near-field of a sub-

wavelength aperture: According to the Bethe/Bouwkamp model an opaque screen

(S) is illuminated by a planar wave, here assumed to be linearly polarized in x-

direction. The matrix shows the solutions according to the Bethe/Bouwkamp model

of the spatial intensity distributions of various electric field-components in 15nm dis¬

tance to the aperture plane for an aperture diameter of a = lOOnm and A =515nm

(the image is taken from [124]). The intensities of the distributions shown are nor¬

malized, which is indicated by the scaling factors in some of the patterns. The

orientation of the corresponding electric field-component E is described by the an¬

gles ß and ip which are defined in the depicted coordinate system.
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the aperture depends on the wavelength, the aperture size and the distance to the

aperture.

In the case of a sub-wavelength aperture the field is strongly confined to the

direct surrounding of the aperture. This can be explained in terms of Fourier optics.

In a small aperture the field is strongly spatially confined in the xy-plane of the screen

and has therefore a broad angular spectrum A(kx, ky) (see section 2.2). Only those

components of the angular spectrum corresponding to small spatial frequencies kx, ky

complying with yjk^, + ky < ^p propagate into the far-field (see section 24, p. 24).

The smaller the aperture and correspondingly broader the angular spectrum is, the

more components have high spatial frequencies complying
withyjkx+k^>^pandthereforehaveanamplitudewithexponentiallydecaywithrespecttothedistanceztotheapertureplane(ocevKt-)-kx~ky\-z^seesection2.2.3f.)whichbecomesallthesteeperthelargerkx,kyare.Forthisreasontheintensityinthenear-fieldofsub-wavelengthaperturesdecaysrapidlyleadingtoaveryconfinedexcitationvolume,notonlylaterallybutalsoalongtheopticalaxis.Anotherparameterdependingontheaperturesizeisthetransmissioncoefficient,whichisdefinedasratioofthelightintensitybeforepassingtheapertureandtheintensityinthefar-field.AccordingtotheBethe/Bouwkampmodelthisdependencyisdescribedbyapower-lawoffourthorderintheaperturesize[13,20,62].Forthisreasonitisexpectedthatsmallapertureshavestronglyconfinednear-fieldsbutalsolowtransmissiontothefarfield.
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3.3 Setup

An instrument was implemented which combines SCOM and SNOM. A scheme of

the setup is shown in figure 3.5.

Figure 3.5: Setup for the SCOM/SNOM combination: The components used for

SNOM as well as for SCOM are a laser, a xyz-scanner, an objective lens (O), a

dichroic mirror (DM), a notch filter (N) and a lens (L2) for focusing the fluorescence

light onto a single photon avalanche diode (SPAD). With a flip-able mirror (FM)
it can be chosen between SCOM or SNOM illumination. In the case of SCOM the

illumination path contains a fiber (F) which goes through a polarization controller

(P). A collimated beam produced by a lens (Li) is focused by the objective lens. In

the case of SNOM the laser light is coupled into a fiber (FT) which has a near-field

tip at the far end which is mounted in a SNOM-head (H). The sample-tip distance

is controlled by a controlling unit (C) relying on shear-force detection.

A laser (either a continuous wave Ar+ laser (Coherent Innova 90) or a pulsed

Nd:YAG laser (Coherent Antares, Palo Alto, CA)) is used as light source. With a
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flip-able mirror (FM) it can be chosen between SNOM or SCOM mode. In the case of

doing SCOM the laser light is coupled into an optical fiber (F) (91-9116.136 Alcatel),

which goes through a polarization controller (P) (PLC-003, LOT Oriel) allowing for

adjusting an arbitrary wanted polarization state at the end. The 3/j.m diameter

inner core of the fiber at the far end serves as point-like light source which is imaged

into the object plane. In compliance with equation 2.24, p. 29 the infinity corrected

immersion oil objective lens (O) (Leica, NA = 1.3, xlOO, f0 = 2mm) determines

the full width at half maximum of the smallest achievable image pattern,

FWHM = 0.51—- = 202nm
,

(3.3)

NA
v '

where À =514 nm is used. To ensure a diffraction limited focus a lens (Li) with

focal length fi = 50mm is chosen, which yields together with the objective lens

a magnification Mi = fo/fi = 1/25. In conclusion, the nominal diameterofthefiber-coreimageis120nm,andwiththatclearlybeyondthediffractionlimit.InthecaseofdoingSNOMthelightiscoupledintoafiberFr(FS-SN-3224,3M)withanear-fieldopticalprobeatitsfarend.Theresolutionisdeterminedbytheaperturesizeoftheopticalprobe.Theopticalprobeconsistsofataperedendoftheopticalfiber,coatedwithaluminum,withasub-wavelengthapertureattheapex.Thefabricationprocessandthepropertiesoftheseprobesarediscussedinsection3.4.Fordoingopticalnear-fieldmeasurementsthesamplehastobepositionedwithinthenear-fieldofthesub-wavelengthapertureandthesample-aperturedistancehastobekeptconstantwhilescanningthesamplebeneaththeaperture.ForthispurposeaSNOM-headisutilized,whichcontainsatipmountingassemblyandatip-sampledistancecontrolrelyingonshear-forcedetection.ThisSNOMheadwasdesigned,realized,anddiscussedpreviously[48].Thedetectionpartisthesameforboth,SCOMandSNOM.Thefluorescencelightemergingfromtheexcitationvolumeiscollectedbytheobjectivelensandsubsequentlyfiltered.Thedichroicmirror(DM)reflectsexcitationlightandtrans¬mitsfluorescentlightwhichisfurtherfilteredbyaholographicnotch-filter(N)(KaiserOpticalSystems,INC.,HNPF-12969)stronglysuppressingasharpspec¬tralregionaroundthelaserwave-length.Asingle-photoncountingavalanchephoto
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diode (SPAD) (SPQ 141, Perkin Elmer) with less than 100 dark-counts per second is

chosen as detector on account of its high quantum efficiency of ~70% at 630 nm. The

fluorescence light is focused by the lens L2, which has a focal length of /2=300mm,

onto the 200/im large active area of the SPAD serving as confocal aperture. The size

of the back-projected image of the active area into the object plane is about 1/im

in diameter, which contains the area of the focal region. Because of the reversibility

of light paths this imply, that the image pattern of a point-object at an arbitrary

position within the focal region hits the active area. In other words the detection

efficiency or the detection PSF is constant for all positions within the illumination

volume. In this case the total PSF is equal to the excitation PSF, and therefore a

recorded scanning image of a point-object is actually an image of the distribution of

the excitation field within the focal region, which can be exploited for experimen¬

tally determining distributions of field-components (see chapter 6.4.1). With this

choice of the lens L2 the total PSF of the SCOM is given by an Airy-pattern, as

opposed to a squared
Airy-pattern,whichcanbeachievedinthisconfigurationofSCOMwiththelargeactiveareaoftheSPAD,ifworkingwithalenswithaboutthree-timeslongerfocallength.Inspiteoftheslightlyreducedresolution(factor1.3),thisdesignwaschosen,because~30%morephotonsaredetectedfromanimagedpoint-source,whichisaclearadvantageifworkingwithsinglemolecules.Thehome-builtxyz-scannerforsamplescanningisbasedonstackpiezos(PhysikInstrumente)allowingforascanrangeof60x60/iminx-y-directionand12//minz-direction.Theuseofinductiveposition-sensorsforthex-andy-directionincombinationwithaclosed-loopfeedbacksystem(PhysikInstrumente)provideslinearscanmovements,highpositionalaccuracyandeliminateslong-termdrifts.ThedesignofthescannerwasdevelopedbyR.BrunnerattheuniversityofUlm.
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3.4 Preparing SNOM tips by tube etching

3.4.1 Introduction

In many of today's near-field optical microscopes the optical probe with a sub-

wavelength aperture at the apex is the most delicate component [15,92]. Great ef¬

forts have been devoted to the micro-fabrication of near-field optical (NFO) probes

[76,81]. However, few of the present designs are commercially available or have ac¬

tually been used in experiments. The most widely used optical probes in SNOM are

tapered optical fibers, coated with aluminum, which have a sub-wavelength aper¬

ture at the apex. Desirable properties of such aperture probes are high brightness,

obtained by large cone angles [52,82,84,135], a well defined circular aperture, no

light leaking through pinholes in the metal coating [122], and a high optical dam¬

age threshold. Several methods have been proposed to prepare the tapered glass

core necessary for NFO probes. Most popular up to now is the adiabatic pulling of

optical fibers during heating with a C02 laser [14,119].

A different method is based on etching bare glass fibers at the meniscus be¬

tween hydrofluoric acid (HF) and an organic overlayer (Turner method) [52,117]

(see figure 3.6). A taper is formed due to a decreasing meniscus height as the fiber

diameter is reduced by the etchant. Variation of the organic solvent influences the

resulting tip geometry. Fiber probesproducedbyetchingusuallyprovidehigherop¬ticalthroughputduetolargerconeangles[52,82,84,135].AwellknownproblemofetchedTurnertipsisthesensitivityofthetipshapetoenvironmentalinfluencessuchasvibrations,temperaturedriftsetc.duringtheetching,resultinginaglasssurfacewithaconsiderableroughness.Thisroughnessandtheasymmetryofthetipapexaregenerallyheldresponsibleforpinholesinthesubsequentlyappliedaluminumcoatingandill-definedopticalapertures,respectively.Anewprocessfortipformation,calledtube-etching,wasdevelopedthatover¬comestheseproblems[64,113]andisdescribedinthefollowing.Essentiallyitreliesonetchingtheopticalfiberwithinitspolymercoating.Consequently,thewholeetchingprocesstakesplaceinsideatubeformedbythefiber'sprotectivepolymercoatingthatwithstandsdegradationbytheetchingsolution.
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time

Figure 3.6: Tip formation by the Turner method.

3.4.2 Methods and materials

Five different types of optical fibers were investigated with respect to their suitability

for tube etching: Three single mode fibers (FS-SN-3224, inner core diameter 3.36 /im

from 3M; 40-692.11, inner core diameter 3 //m from Cabloptic; 91-9116.136, inner

core diameter 3 /im from Alcatel) and two multi mode fibers (HCG-M0100T-14,

inner core diameter 100 /im from Laser Components; HCG-M0200T-14, inner core

diameter 200 /im from Laser Components).

As a stock solution for a series of differently concentrated etching solutions,

40% hydrofluoric acid (HF) (purissimum, Fluka) is used. ISO-octane or p-xylene

serves as overlayer to protect the fiber mounts from the corrosive HF vapor. Sulfide

acid (98% H2S04, purissimum, Fluka) is used for chemically removing the polymer

coating of optical fibers after tip formation.

Without removing the protecting polymer coating the optical fiber is wound

up in ahome-madefiber-holder(seefigure3.7(a)),whereoneendsticksoutby~2.5cm.Eightfiberholderscanbemountedinarevolver(seefigure3.7(b)).TherevolverisfixedtothelidofaTeflonvesselcontainingtheetchingsolutioncoveredwithaprotectingoverlayer(thickness~0.1-0.2cm),inwhichabout0.6cmoftheprotrudingfiberisdipped.Abatchofeighttipsisetchedateachtime
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using ~ 30 ml etching solution. The tip formation process is observed through two

sapphire windows on opposite sides in the Teflon vessel by a slow scan CCD camera

(SensiCam, PCO). Pictures are taken at an acquisition rate of 0.03 Hz. The resulting

time-lapse movie of the etching process facilitated the detailed investigation of the

tip formation pathways. The etching temperature is controlled by a thermostat to

±0.1°C between 10 and 50°C.

(a)

fiber

holder

Figure 3.7: Fiber mounting: (a) shows a loaded tip holder, (b) a

revolver, in which eight tip holder can be mounted.

After the etching the polymer coating is removed by either dissolving it in hot

sulfide acid or by mechanically stripping. The bare tips are investigated by wide-field

optical microscopy.

For achieving an aperture at the very end of the tip mostly the shadowing-effect

method is used. This method relies on rotating the tapered fibers at an angle relative

to a directed metal vapor beam (see figure 3.8). The shadowing-effect results in an

aperture which is determined by the shape of the very end of the tip and the quality

of the coating process. To perform the coating process the revolver containing the

freshly etched tips is mounted at an angle of ~ 15° in a vacuum chamber of an

evaporation machine (MCS, BAL-TEC). The evaporation source is a tungsten coil

filled
withsmallaluminumrods(seefigure3.9).Therevolverrotateswithtypically2Hzduringmetaldepositiontakesplacewithadepositionrateof~30nm/sincaseofaluminum.Thedepositionrateandthethicknessoftheresultingmetallayeriscontrolledbyaquartzgauge.Selectedmetalizedtipsareinvestigatedusingarevolver
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Figure 3.8: Evaporation geometry of the aluminum coating process. Evaporation
takes place under a small angle while the tip is rotating. Due to the shadowing-effect
an aperture is created at the very end of the tip.

Figure 3.9: Setup for the metalization process inside a vacuum chamber (V). An

tungsten coil filled with aluminum rods serves as source (S). The rotation of the

revolver (R) is driven by a motor (M). The thickness of the deposited metal is

monitored by a quartz (Q).
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high-resolution scanning electron microscope (SEM) (Hitachi S41100 at the CSEM

Zurich, Hitachi S-700 at the institute of micro-biology ETHZ).

3.4.3 Results and discussion

To check the permeability of the polymer coating for HF, for each type of fiber a

closed fiber loop is dipped into a vessel containing HF. For the two multi mode fibers

no etching inside the plastic jacket takes place, whereas the other fibers show severe

thinning of the fiber core after 60 minutes in HF, which allows for the conclusion

that HF diffuses through their polymer coating.

Tip formation was found to follow two different pathways depending on whether

the fiber's polymer coating is permeable for HF or not. Nevertheless, similar tips

are obtained independent of the taper formation pathway involved. Figure 3.10 (a)

shows the etching process of a fiber with HF impermeable polymer coating; Figure

3.10 (b) the etching process for a fiber with HF permeable polymer coating. For each

case the etching behavior is sketched schematically and supported by video frames

acquired during the etching process (insets).

If no HF can penetrate through the coating (figure 3.10 (a)) the tip formation

starts at the lower end of the fiber. No thinning of the glass in the upper region of

the fiber is observed. Once a tip is formed, the tip shape is maintained while the

tip shortens inside the tube.
Thetipqualityintermsofsharpnessandsmoothnessdoesnotdeteriorateuponfurtheretching;thetubeetchingprocessisfoundtobeself-limiting.Thescanningelectronmicroscopy(SEM)imagesinfigure3.11showaluminumcoatedopticalprobesetchedfor90(a)and130minutes(b),respectively.Itisevidentthatthetaperangleandthesurfacequalityareinsensitivetotheetchingtime.Thisresultcomparesverywellwiththevideoframesinfigure3.10(a).ThisobservationisincontrasttoourexperiencewiththeTurnermethod[52,117]wherethetipqualitydecreasesafterthetiphasbeenformed,althoughtheprocessshouldbeself-terminating.FortheHFpermeableprotectivepolymercoatingtheglassfiberisthinnedreg¬ularlyinsidetheplasticjacketduetodiffusionofHFthroughthejacketas

demon-
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Figure 3.10: Tip formation by tube-etching for different fiber poly¬

mer coatings: (a) HF impermeable coating, (b) HF permeable coat¬

ing. The insets show video frames taken at the fiber part below the

meniscus during the etching process.

Figure 3.11: Scanning electron micro-graphs of tube-etched tips

coated with 100 nm aluminum. They were etched for (a) 90 min.

and (b) 130 min., respectively. The surface quality is insensitive to

the etching time.

I
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Table 3.1:

Taper angles obtained with different HF concentrations at room temperature

Fiber 40% 34% 28% 21%

3M 22±1 25±1 22±1 20±1

Cabloptic 18±2 23.6±1 20.8±1.5 19.4±1.1

LaserComp. 100/mi 22.9Ü.2 26±1 - 35.1±1

strated in figure 3.10 (b). A preliminary tip formation at the position of the interface

between the HF solution and the organic overlayer can be seen in the same figure.

This is possibly due to a gradient in the lateral diffusion along the tip in the menis¬

cus region. The final tip formation takes place above the interface after complete

removal of the thinned part. It should be noted that above the interface lateral

diffusion of HF through the jacket is no longer possible. This suggests that the tip

in this region is formed by the same mechanism as in the case of the impermeable

polymer coating.

The most prominent result is the finding that the fiber type itself has the

strongest influence on the resulting probe quality. Not only the cone angle, but

also the resulting surface roughness is strongly dependent on the fiber type used.

However, except for the Alcatel and Cabloptic single mode fibers all tested fibers

yield extremely smooth glass surfaces after etching.

The influence of the HF concentration and etching temperature on the tip qual¬

ity and geometry is
investigatedbyetchingwithdifferentlydilutedHFsolutionsatdifferenttemperatures.Foreachsetofparameters6-8tipswereprepared.Measuredvaluesfordifferentconcentrationsarelistedintable3.1.WhilethevariationofHFconcentrationandtemperaturehasnoinfluenceonthetipsurfacequality,theconeangleshowsaslightdependenceontheseparameters.Forboth,temperatureandconcentrationseriesarefoundoptimumtipshapesforintermediatevalues(40°Cand34%HF).Notethatthetaperangledeviationwithinasetisgenerallysmallerthan2°.Atroomtemperaturetherequiredetchingtimeisbetween90minutes(40%HF)and15hours(21%HF).Temperaturefluctuationsofafewdegreesduringetchingdonotshowanyinfluenceontheresultingtips.Mostprobably,asthetipformationno
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longer occurs at a liquid surface but rather in a self-contained volume, the etching

solution acts as a heat buffer allowing only slow, gradual temperature changes.

For explanation a model is proposed, which is based on micro-convection inside

the tube, probably in combination with transient capillary effects (see figure 3.12).
AsimilarmechanismwasalsopostulatedbyUngeretal.[118]forotherfibermaterials.Initially,duetogeometricalconstraints,itisexpectedthattheouterregionsofthefiberareetchedslightlyfasterthanthecenter.Thisisattributedtothefactthatattherimoftheglasscylinder,HFsupplyoccursoutofalargervolumeascomparedtothecentralregion(seeFig.3(a)).ThiseffectstartstheformationofaconicalshapeFigure3.12:Schematicoftheproposedconvectionmechanismin¬volvedintube-etching:(a)Initialdiffusioncontrolledetching,(b)convection-controlledtipformationinsidethetube.(seefirstinsetfigure3.10(a)).Assoonasapreliminarytipisformed,convectionstartstodeliverHFtotheupperregionoftheconeasshowninfigure3.12(b).Thisconvectionisdrivenbyconcentrationgradientscausedbytheetchingprocessitselfandthegravitationalremovalofthereactionproducts[77]:Si02+4HF^SiF4+2H203SiF4+2H20->Si02+

2H2SiF6
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The influence of gravity on the tip formation process is checked by etching the

fibers at various angles. Under such conditions asymmetric tip shapes are obtained.

Within the convection model the tip geometry is expected to be determined

mainly by the relative magnitude of lateral diffusion and convection as well as the

temperature dependence of the etching rate. In the etching region HF is consumed

and the reaction products are transported away by gravity. The diffusion of products

and educts increases linearly with temperature. The etching rate increases strongly

with temperature. An increased diffusion is expected to lead to less sharp tips

because of a more isotropic etching of the tip. An increased etching rate is likely to

decrease the cone angle because the fresh HF delivered by convection may already

be used up at the upper part of the cone before it reaches the apex region. As a

consequence a maximum cone angle is expected to be obtained for an intermediate

temperature. A similar explanation may also hold for the concentration dependence:

concentration changes will influence the reaction rate and therefore result in an

optimum concentration for a given temperature.

Tube-etching is directly compared to the Turner method by etching unstripped

and stripped fibers of the same type (3M-fiber) in the same batch. The result¬

ing
tipsarealsocoatedinonebatch.Thetipswereinvestigatedopticallybeforemetalizationandbyahigh-resolutionscanningelectron-microscopethereafter.Infigure3.13theresultsarepresented.Theopticalimages(seetoppanel)showthatthetaperangleisquitesimilarforbothtechniques,butthetubeetchedtipsaremuchsmoother,evidentiallyduetothefactthatthetipformationisnolongeraperturbation-sensitivesurfacephenomenonbutrathertakesplaceinaprotectedcontainer.ThisisevenmoreevidentintheSEMimagesoftheglasssurfacerecordedincloseproximitytothetipapex(middlepanelsinfigure3.13).Inparticular,thedramaticallyincreasedsmoothnessofthetipsisnicelyreflectedinthequalityofthesubsequentlydeposited«100nmaluminumlayer(bottompanel).Inthecaseofthetubeetchedtips,theappliedmetalcoatingisvirtuallyfreeofsideholes.Theirfar-fieldtransmissionrangedfrom2•10~4-5•10~3foraperturediametersbetween80and120nm.Furthermore,theyieldofusabletipsafteretchingisaround80%fortubeetchingcomparedtobelow40%fortheTurnermethod.
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Figure 3.13: Scanning electron and optical micro-graphs of (a)
conventionally etched (Turner method) and (b) tube etched fiber

probes. Top panel: optical images of uncoated tips. Middle panel:
SEM images of the glass surface (3 nm platinum sputtered at 77 K)
close to the tip apex. Bottom panel: SEM images of Al coated fiber

tips.
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The presented results allow for the conclusion that tube etching is a highly

reproducible and efficient method to produce near-field optical probes with large

cone angles and smooth, side-hole-free aluminum coatings. The method is tolerant

against environmental perturbations such as temperature changes and vibrations.

The fact that etching time does not influence the tip quality makes the handling

of the process straightforward and easy. For a given fiber type the cone angle can

to some extent be controlled by varying the etching conditions. However, the main

influence on the cone angle seems to result from the actual fiber type; for the same

etching parameters the cone angles varied significantly. The smoothness of the glass

surface allows to reduce the aluminum thickness and to refine the coating technique.

This leads to improved damage thresholds [111] and NFO properties
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3.5 Capabilities of the instrument

As discussed in chapter 1 the optical observation of single fiuorophores can pro¬

vide unique information, which would be hidden in ensemble measurements. The

technical prerequisite for optimal single-molecule measurements is the capability to

simultaneously determine all parameters, which describe a fluorophore: position, ori¬

entation of absorption and emission dipole, absorption and emission spectrum, sin¬

glet lifetime, triplet lifetime, intersystem crossing rate, fluorescence quantum yield,

and photo-bleaching quantum yield.

According to section 3.1, SCOM provides with a far-field technique with diffrac¬

tion limited x-,y-resolution and corresponding resolution along the optical axis. For

this reason it is well suitable for non-invasively investigating fiuorophores under

ambient conditions at arbitrary positions within a transparent matrix. Within the

scope of this thesis the confocal part of the implemented instrument is used for var¬

ious
single-moleculeapplications.SinglemoleculesensitivityinSCOMisachievedanddemonstratedfordifferentdyespeciese.g.infigure4.1,p.62,figure5.2,p.76,orfigure6.6,p.100.Thetheoreticallypredictedspatialresolutionisexperimentallyachieved,whichisdemonstratedinfigure6.7,p.103anddiscussedinsection6.5,p.107.CapabilityfordetermininglifetimeandspectralpropertieswithhightimeresolutionisdemonstratedforSCOMinchapter5,p.69ff,whereamethodforrapididentificationofsinglemoleculesispresented.AreliablemethodfororientationalimagingofsinglemoleculesusingSCOMispresentedinsection6.4.2,p.104ff.More¬overitisdemonstratedthatbyutilizingsinglemoleculestheinstrumentallowsformappingconfinedopticalfieldsonananometerscale(seesection6.4.1,p.99).AsopposedtoSCOM,SNOMisasurfacesensitivescanningprobetechniqueyieldingacombinedopticalandtopographicalimageofthesamplesurface,whichcanprovidewithresolutionbeyondthediffractionlimit(seesection3.2).How¬ever,thisimpliesthatSNOMisrestrictedtoinvestigationsofmoleculesatthesurfaceandthattheinfluenceoftheopticalprobeonthefluorophorehastobetakenintoaccount(seesection2.1.1).AlsoforSNOMsingle-moleculesensitivityisdemonstrated(seefigure3.14(a)and(c)).ForimagingwithSNOMmoleculesofthedyel,r-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine(Dil)were

embed-
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ded at a concentration of 10~7 M in a 20 nm thick film of polymethylmetacrylate

(PMMA). The quality and resolution of a SNOM image depends strongly on the

used tip. In figure 3.14(a) the single molecules appear as a distribution of small

bright spots. The resolution is estimated to be less than 100 nm by analyzing the

FWHM of the intensity profile of the marked molecule in figure 3.14 (a). The image

were obtained by using a tube-etched and aluminum coated tip (see section 3.4).

The single-molecule image in figure 3.14(c) was measured with the tip depicted in

(e). This tip was treated by focused ion-beam (FIB) milling2 with the objective to

get a smooth end-face for achieving a small sample-aperture distance. The same

tube-etched and aluminum coated tip before the FIB-treatment is shown in figure

3.14(d). Due to the rather poor resolution of the used FIB-instrument (~ 100 nm)

one effect of the treatment is an increased aperture diameter (from a ~ 80 nm to

a ~ 250 nm) and a correspondingly decreased resolution. But the positive effect is

the appearance of orientation-dependent image patterns, which areachievableonlyincloseproximitytotheaperture[124].Thisorientation-dependentimagepatternarisesbecauseduringscanningthefluorophorethroughtheinhomogeneousfielddis¬tributionbeneathasub-wavelengthaperture(seefigure3.4p.37)thefluorescenceintensityisproportionaltothesquaredelectricfieldcomponentalongthemolecularabsorptiondipoleattherespectiveposition(seeequation2.1,p.14).Forexam¬plethemarkeddouble-lobeinfigure3.14(c)canbeassignedtoamoleculeorientedwithitsabsorptiondipolealmostalongtheopticalaxes,becauseitmapstheelectricfieldcomponentinthisdirection(seefigure3.4p.37).SNOMisthereforesuitablefororientationalimaging[16,123],butthereisastronginfluenceofthetip-sampledistanceandthegeometryofthetipitself,whichhasthereforetobeknownveryprecisely.ThecapabilityofSNOMforimagingdelicatebiologicalsamplesisdemon¬stratedbytheinvestigationofmicro-contactprintedmono-layersofbiologicallyactivemolecules[12,25].Thisisofinterestinbiologyandbiochemistry,becauseitopensthepossibilityfornanometer-scalepatterningandtocarryoutchemicalassayswithminutequantitiesofreagents[105].Figure3.15showsasimultaneously2FIBmillingallowsforflatteningtheend-faceofanear-fieldtipbyscanningafocusedion-beamperpendiculartothetipaxisacrosstheapexofthetipandremovingaluminumgrains[123].
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recorded optical and topographical SNOM-image of micro-contact printed mono-

layer-patches of protein molecules, specifically chicken immunoglobulin (IgG) la¬

beled with tetramethyl-rhodamine-isothiocyanate (TRITC). To estimate the optical

resolution intensity profiles were taken in the optical image (figure 3.15 (a) ) along

two lines marked by the arrows 1 and 2. The profiles are shown in figure 3.15(c)

and (d) as black lines. The full width at half maximum of the peak in (d) suggests

an optical resolution of 50 nm, which was achieved with a standard tube-etched

tip. To exclude the possibility of a topographical artefact [49] line-cuts were taken

at the same position in the topographical image. The results are shown as gray

lines together with the corresponding intensity profiles. Comparing the intensity

and height profiles reveals a shift of ~ 100 nm between optical and topographical

image. This is an effect, that often occurs in SNOM images. It can be explained

by assuming that a small aluminum grain located at the rim of the metal coating

acts as the topographical tip shifted by ~ 100 nmagainsttheopticaltipwhichiscenteredintheaperture.Thenoiseoftheheightprofilesoflessthan0.5nmsuggestsaz-resolutioninthisregime.Themeasuredheightof~2nmforamono-layerofchickenIgGmoleculesarecomparablewithresultsobtainedbyothergroupsusingatomicforcemicroscopy[12].3.5.1EvaluationoftheassetsanddrawbacksofSNOMandSCOMWedemonstratedthatboth,SCOMandSNOMaresuitableforsingle-moleculemeasurements.Thechoiceofoneofthesetechniquesdependsontheproblem.SNOMisbettersuitedifoneisinterestedinthecorrelationbetweenthetopograph¬icalandopticalpropertiesofasamplesurface.Thestronglyconfinednear-fieldprovidestheopportunitytoexciteonlymoleculeswithintheupper100nmofthesamplesurface,anditoffersaresolutionbeyondthediffractionlimit.Moreover,itispossibletostudytheinteractionbetweentipandmolecule.ThedrawbacksofSNOMaretip-inducedeffectsonthesample,e.g.thelifetimeofafluorophorecanbeinfluencedbythetip.Forinterpretationoftheacquiredscanningimagesknowledgeabouttheusedtipisrequired.Thelimitedopticaldamagethresholdofatiplimits
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the achievable excitation power and therefore the speed of a measurement. Another

problem is the optical background caused by the tip itself.

Because SCOM is a far-field technique, it enables to investigate molecules deep

inside a transparent bulk sample. No external influences beside optical induced ef¬

fects are introduced by the instrument. The opportunity to work at high signal to

background ratio allows for a fast and precise determination of the molecular fluo¬

rescence properties. It is possible to utilize SCOM for reliable determination of the

three-dimensional orientation of arbitrarily oriented molecules without loosing any

performance of SCOM.

In conclusion SCOM is better suited for efficient optical measurements on single

molecules if external influences should be avoided and if the concentration of the

fluorophores can easily be tuned. For this reason all single-molecule experiments

presented in the forthcoming chapters are performed by utilizing the SCOM part of

the instrument.
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Figure 3.14: Imaging of single fluorescent molecules by SNOM. Single Dil molecules

embedded in a 20nm thick polymer film were imaged (a) using a tube-etched, alu¬

minum coated near-field tip with no further treatment like the tip shown in the

SEM micro-graph (d). In (b) the intensity profile of the marked molecule in (a) is

displayed. The single-molecule image in (c) was obtained with the tube-etched and

FIB-treated tip, which is shown in (e). The marked double-lobe pattern in (c) can

be assigned to a molecule almost oriented along the optical axis (see matrix in figure
3.4).
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Figure 3.15: A combined optical (a) and topographical (b) SNOM image of a micro-

contact printed pattern of TRITC labeled chicken IgG molecules is shown. In (c)
and (d) line-profiles taken at the marked positions 1 and 2, respectively, are shown,
where the black lines are intensity profiles and the gray lines are height profiles.



4. Photostability of terrylene in a

para-terphenyl crystal

Using scanning confocal optical microscopy the properties of individual ter¬

rylene molecules embedded in a p-terphenyl crystal were investigated. The

most prominent result is the great photo-stability of this system with a cor¬

responding ensemble-averaged photo-destruction quantum efficiency lower

than 1.2 • 10~8. On average, with a detection efficiency of 6.5%, a stable

fluorescence signal of 105 photons/s could be detected from single molecules

during one minute of continuous photo-excitation. Both irreversible and

reversible abrupt fluorescence intensity jumps to the background have been

observed. The experimental data indicate that diffusing quenchers at low

concentration in the crystal contribute to fluorescence bleaching of single

molecules. The large photo-stability allows for long illumination times and

high emission rates of single molecules trapped in a crystal at room tem¬

perature.

This chapter is based on [31].
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4.1 Introduction

Optical studies of individual fluorophores can be utilized to probe various environ¬

mental conditions at a microscopic scale (see chapters 1 and 2). A molecule emits

light for a time which is limited by photo-bleaching provided that its residence time

in the excitation focus is long enough. Photo-bleaching therefore imposes an upper

limit for the detectable number of photons from a single molecule at room tem¬

perature. The photo-destruction quantum efficiency has been reported to range

approximately from 1CT7 to 10~5 in various systems [4,26,103,130]. For experi¬

ments and applications at room temperature, it is of great importance to optimize

the photo-stability by choosing appropriate experimental conditions. A large photo-

stability allows to maximize the signal to noise ratio for a given experiment since a

single molecule can be studied at a high emission rate for a long period. In such a

case, fascinating experiments, e.g. time-resolved spectroscopy and quantum optics

experiments of single molecules in cavities, are greatly facilitated. In addition, near-

field optical
devicesusingsingleorganicmoleculesasnanometriclightsourcescanbeenvisaged[74].Inthischapterthephoto-stabilityofsingleterrylenemoleculesinap-terphenylcrystalisstudied.Onaverage5.7•106fluorescencephotonsweredetectedfromindividualmoleculesbeforephoto-bleachingtookplace.Thisnumberofphotonsexceedsallpreviouslyreportedvaluesforallknownsystemsbymorethanoneorderofmagnitude.Exploitingthehighphotostabilityenablese.g.toobservenon-classicalphotonstatisticatroomtemperature,whichwasdemonstratedforthefirsttimeinourgroupbyutilizingthissystem[32],basedonthestudypresentedhere.4.2MethodsandmaterialsCrystalflakesofp-terphenyldopedwithterrylenearepreparedbyco-sublimationofp-terphenylandterrylene[101].Anapproximately10//mthickcrystalflakeischosenassample.Fromfluorescenceconfocalimagesaterryleneconcentrationof1.5•10~10mol/1isestimated.Previouslowtemperaturestudiesindicatethatterryleneinthep-terphenylcrystalabsorbsaround579nm,havingafluorescencequantumyield
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close to unity [60]. The flake is attached to a cover glass with a tiny amount of index

matching oil. Images of single molecules are recorded with the confocal part of the

setup, shown in figure 3.5, p. 39. The light source is an argon ion laser operated at

514 nm. The fluorescence is detected by an avalanche photodiode after passing the

dichroic mirror. The residual scattering light is blocked by a 514 nm super notch

filter and long pass color filters.

4.3 Results and discussion

Figure 4.1 shows a confocal fluorescence image of single terrylene molecules em¬

bedded in a p-terphenyl crystal. The peak count rates at an excitation intensity

of 900kW/cm2 range from 1.6 • 105 to 6.9 • 105 counts/s with a mean value of

4.2 • 105 counts/s. With a pixel integration time of one millisecond, the signal to

noise ratio is about 400 and the total time needed to record an image (256 pixels

x 256 pixels) is ~ 65 seconds. The signal to background ratio ranges from 3 to 12

for the most intensive peaks. At an integration time of 1 ms/pixel, several con¬

secutive images of the same area are fully reproducible with all molecules showing

up at the same positions in the images. Even if the integration time is increased

to 20 ms/pixel, only a few percent of the molecules are
missinginthesecondoftwoconsecutiveimages.Structures,characteristicforfastphoto-bleachingsuchasstripesofafewpixelsinlengthorhalf-moonshapeddots(seee.g.figure5.2,p.76,orfigure6.6,p.100)arehardlyeverfound.Theseobservationsalreadyrevealthehighphoto-stabilityofindividualterry¬lenemoleculesinap-terphenylcrystalatroomtemperature.Thisfeaturehasbeenstudiedindetailbyinvestigatingthephoto-stabilityof41singlemoleculesatanexcitationfluxof225kW/cm2andapixelintegrationtimeof22ms.Infigure4.2,tracesofrepetitivelinescansareshownforthreemolecules.Inthiskindofmeasure¬ment,thesamelineisscannedsuccessivelyoverandoveragain.MoleculeAshowsastablefluorescencesignalwithacountrateofapproximately5•104counts/sduring256linescans(tracea).FormoleculeB(traceb)thefluorescenceintensityjumpsir¬reversiblytothebackgroundcountrateatt=9min.Incontrast,moleculeC

(trace
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c) shows a reversible behavior. After an intensity drop at t = 18 min, the fluores¬

cence recovers and fluctuates before it again drops irreversibly to the background.

Similar fluctuations were observed for 15 out of 41 molecules in this experiment.

Since the absorption spectra are relatively broad at room temperature, these fluctu¬

ations cannot be explained by spectral jumps out of the resonance with the exciting

laser frequency as previously observed for single molecules at liquid helium temper¬

ature [1]. Indeed, the largest spectral shifts, expected to be limited by the width

of the inhomogeneous band of a few cm-1 typical for doped organic crystals, would

be unobservable in this experiment because of the low spectral resolution ( > 30

cm-1). Furthermore, rotational jumps of the molecules (see e.g. [42]), such that the

dipole moment becomes accidentally oriented perpendicular to the light polariza¬

tion, can be ruled out. From the crystal structure of the closest shell surrounding

the substitutional terrylene molecule, the molecular orientation can be thought of

being tightly fixed. However, strong changes either in the absorption cross section

a and/or in
thefluorescencequantumyieldfamayleadtotheobservedfluctua¬tions[66].Amechanismthatcouldexplainthevariationsoftheparametersaandfa,namelyfluorescencequenchingbydiffusingspecies,isdiscussedbelow.690000in~~5i*-*coÜFigure4.1:Fluorescenceimage(256x256pixels)ofa15.2/imx15.2ßm.sampledepthsection.Countratesarerepresentedbyagrayscale.Eachmoleculecorre¬spondstoabrightspot.Thepixelintegrationtimeis1msandtheexcitationfluxis900kW/cm2.Theaveragenumberofphotonsrecordedpermoleculeis15•103foratotalilluminationtimeofapproximately35

ms.
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Figure 4.2: Left: line scan of 15 ^m length along the x-direction at a constant

y-position as a function of time. The three detected molecules illustrate three char¬

acteristic behaviors. Right: fluorescence time traces obtained from a one pixel wide

cut along the maximum of the fluorescence traces on the left.

The photo-stability is quantitavively deduced from the line scans by determin¬

ing the number N of detected photons emitted by each molecule which photobleached

within the 256 line scans. The quantum efficiency for photo-destruction (fi^ is cal¬

culated from N according to 0^ = (r}(j)f)/N
wherer\isthedetectionefficiencyand0fdenotesthefluorescencequantumyield.Theunknownquantityfaissetto1.Therefore,theestimatedvaluesof«^representupperlimits,whichimpliesthatthededucedphotostabilitiesmightbeunderestimated.Thehistogramshowninfig¬ure4.3(a)isobtainedfrom32outof41moleculesthatphotobleachedduringthe24minutestotaldurationoftheexperiment.Thehistogramistruncatedontheleftsideat«^^t—2.6•10~6correspondingtothesmallestmeasuredvalueof(j)^orthemostphotostableobservedterrylenemolecules,respectively.Fastphotobleach-ingeventsoccurringonatimescaleshorterthan=20msofphoto-excitationarerarelyobservedandarenotincludedinthestatistics.Nodecreaseinphoto-stabilityisobservedwhentheexcitationfluxisincreasedbyafactorof2.Consequently,thechemicalstabilitydepends,ifatall,onlyweaklyonthelocalheatinggeneratedthroughnon-radiativetransitionsoftheexcitedmolecule.Theresultsoftheline-scanexperimentwithdoubledintensityareshowninfigure4.3(b).Atthisintensity,Time(minute)24mE3cooQ.£ZccÜCOMoleculeANxcoO125r1007550,25_%.0125r10075-50-25te125r7550

25
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photobleaching was observed for all except one of the 18 investigated molecules. Now

37 % of the molecules showed a photo-destruction quantum efficiency even smaller

than the cutoff (f)^ determined previously at half of the excitation intensity. Within

the errors the two histograms in figure 4.3 are the same.
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Figure 4.3: Histograms of the photo-destruction quantum efficiency <^ mea¬

sured for photobleached molecules in the line scan experiment (22 ms/pixel). a)
7 = 225kW/cm2, b) 7 = 450kW/cm2.

In order to elucidate a possible illumination-time dependence of the photo-

bleaching, in the next experiment, molecules are placed in the excitation focus and

continuously illuminated without scanning. The signal is sent to a multi-channel an¬

alyzer (Stanford Research 430) with a 10 ms bin width. Fluorescence intensity traces
(d-f)arepresentedinfigure4.4forthreedifferentmolecules(D,E,F).MoleculeDshowsastablecountrateof3.35105counts/suntilphotobleachingoccursafter18secondsofphoto-excitation(traced).TraceeindicatesaninitiallystablecountrateformoleculeEwhichsuddenlyStartestofluctuateatt\untilbleachingoccursatt2(seeinsetinfigure4.4).Similarfluctuationsareobservedfor15outof41moleculesinthelinescanexperimentbutonlyfor2outof30moleculesinthecontinuousexcitationexperiment.Typicalexamplesoffluctuationsareshowninthetraces

of
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molecule C in figure 4.2 and in the traces of molecules E and F in figure 4.4. The

fluctuations are characterized by a remarkable behavior. The drops in intensity end

at the background and the returns do not lead to the initial values in most cases.

Smaller and larger count rates are recorded during the fluctuations if compared with

the fluorescence intensity of the stationary periods. This effect is observed for all

the molecules that undergo fluctuations. The fluorescence of molecule F ceases at

£3, recovers at £4 for a short period until
bleachingoccursat£5(tracef)andfinallyrecoveresagaininanewacquisition(tracef)startedafewsecondsaftertheendofthemeasurementoftracef.FourconsecutivetracesarerecordedformoleculeFwhichshowsanexceptionallyhighphoto-stability</>]-,<510~10.Inthesetraces,thecountratedecreasesveryslowly(probablyduetomechanicaldriftsofthesetup)from3•105to2•105counts/sduring11.5minutesofphoto-excitation.4503001500-{mm*\MoleculeD20406080450300e1460300180J15014.614716016215JÄ0~t20c3oÜ450r30015004060Time(s)80,t.«.4MoleculeJmftm20450300-|lfWH|#llf1504060Tims(s)80mfifilpW^fmmt*MoleculeF20406080100120140160Time(s)Figure4.4:Fluorescencetimetracesfor3differentmoleculesexcitedcontinuously.Afluorescenceon-offblinkingisobservedonamillisecondtimescaleformoleculeEbeforephotobleachingtakesplaceatt2.Undercontinuousphoto-excitation,28outof30moleculesphotobleachduringthetraceacquisitiontimeof128s.The<^bmeasuredatanexcitationintensityof225kW/cm2rangefrom4.3-10~9to1.3-10~7.Thecorresponding

ensemble-averaged
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photo-destruction quantum efficiency is estimated to be lower than r)(f>f/N = 1.2 •

10~8 where N = 5.7 • 106 is the average of N over the 28 photobleached molecules.

The data are presented as a histogram in figure 4.5.
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Figure 4.5: Histogram of the photo-destruction quantum efficiency c/>b measured for

photobleached individual molecules under continuous excitation (J = 225kW/cm2).

Under continuous excitation, 77% of the investigated molecules showed a photo-

destruction quantum efficiency c/>b smaller than the cutoff <f>\^ = 2.6 • 10~8 defined

above for the line scan experiment. Consequently, the
photo-stabilityappearstobelargerundercontinuousexcitation.Thelargerphoto-stabilityundercontinousexcitationwiththesameexcitationpowerasusedintheline-scanexperimentallowsfortheconclusionthatphoto-bleachingcannotbeexplainedbyapurelyphoto-inducedprocess.Apossibleexplanationforthisobservationwhichcanalsoexplainthefluorescenceintensityfluctuationsmentionedabove,canbegivenbyassumingslowlydiffusingquencherspeciesinthesample.Photo-destructionduetocontactwithaquencherisconsid¬eredasareactionbetweenquencherandexcitedterrylenemoleculeresultinginacomplex,whichisnon-fluorescentwhenexcitedat514nm.Areactionbetweenan
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excited terrylene and a diffusing oxygène can e.g. result in an exo-peroxide, which

is stable and non-fluorescent at 514 nm excitation, or in an endo-peroxide, which is

also non-fluorescent but non-stable [8]. Because the quenchers diffuse presumably

by hopping interstially from one to another lattice site, they may take well defined

positions relative to the terrylene molecules. The random hopping of the quencher

among these positions may thus lead to the characteristic fluctuations shown in fig¬

ure 4.4. The enhancements of the fluorescence can be caused by a shortening of the

triplet life-time through quenching of the triplet excitation [37]. Another explan-

tion can be given by assuming that the result of the reaction between quencher and

previously formed terrylene-quencher complex resulting in a fluorescent product.

The fluorescence rate of the formed fluorophore would depend on its absorption and

emission spectrum as well as on the magnitude and direction of its transition dipole,

which would also explain the oberservation that during the fluctuations the fluores¬

cence intensity in on-times can be increased or decreased compared to the initial

fluorescent rate. Diepoxide is a possible fluorophore, because it can result from a

decay
ofthenon-stableendo-peroxide[8].Accordingtothepresentedmodel,theencounteroftheexcitedterrylenewithaquenchercanresult(a)inanon-stableandnon-fluorescentproduct,whichresultsindarkperiods,(b)influorescencefluc¬tuationsduetofluctuatingsinglet/tripletquenchingefficiency,(c)inanon-stableandfluorescentproduct,whichgivesrisetoon-timeswithvariousfluorescentrates,and(d)inastablenon-fluorescentproduct,whichcanberegardedasfinalphoto-bleachingevent.Themodelofslowdiffusingquenchermolecules,whichinteractwiththeex¬citedterrylenemolecule,resultsinoneofthefourabovementionedoutcomes.Toacertainextentthisexplainsalsothehigherphoto-stabilityatcontinousexcitationcomparedtotheline-scanmeasurement:Theprobabilitythatthequencherarrivesatthepositionoftheobservedterryleneatacertaintimeafterthestartoftheexper¬imentisequalforbothtypesofmeasurements.Butintheline-scanexperimenttheexperimenttimeisaboutfortytimeslongerthentheexcitationtime.Consequently,withrespecttotheexcitationtimetheobservedterrylenemoleculeinaline-scanexperimentwillbeencounteredmoreoftenbyaquencherthenaterrylenemoleculeundercontinousexcitationleadingtoadecreasedphotostabilityinline-scanexper-
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iments. However, while the molecules bleach on average after 4 min experiment

time in the line-scan experiment, bleaching under continous excitation requires on

average a time of only 1 min. This supports a model which encloses two different

beaching processes: bleaching caused by diffusing quenchers, and photo-induced

bleaching. The photo-induced bleaching is more important in the experiment with

continous excitation, while the line-scan experiment favours the observation of the

slow diffusion-controlled formation of quencher-molecule complexes. This explains

also why a larger fraction of molecules exhibit fluorescence fluctuations during scan¬

ning (~37%) than upon continous excitation (~8%).

4.4 Conclusions

The detection of single organic molecules in a molecular crystal at room temperature

has been demonstrated. Terrylene molecules rigidly immobilized in a p-terphenyl

crystal show the largest photo-stability ever observed in a single molecule experiment

at room temperature. The largest photo-stability was found for continuous excita¬

tion. The reduced photo-stability in the line-scan experiment has been attributed

to diffusion-controlled formation of molecule-quencher complexes leading to no de¬

tectable fluorescence upon excitation. The fluorescence fluctuations observed after

long stationary periods of stable emission have been assigned to the arrival of a

quencher and subsequent quencher hopping in the vicinity of the terrylene molecule
ortotheformationofanastablefluorophore.



5. Rapid and efficient

single-molecule identification

A method for rapid and reliable identification of single molecules is pre¬

sented. This method relies on determining different properties of each suc¬

cessively detected photon. Knowledge about the behavior of the different

species of molecules with respect to the observed properties are gained in

bulk experiments under the same condition which are valid for the single-

molecule experiment. This knowledge is represented by so called look-up

tables, which are used to determine photon by photon the probability for

having a molecule of a certain species as emission source. By combining the

probabilities of successively detected photons the identification procedure

is completed if the resulting probability reaches a certain accuracy. Using

this method, single-molecule identification of four different dyes with spec¬

trally and time-resolved photon-counting is demonstrated for the first time.

Monte-Carlo simulations show that less than 500 photons are needed to as¬

sign an observed single molecule to one out of four species with a confidence

level higher than 99.9%.

This chapter is based on [94].
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5.1 Introduction

The possibility to detect fluorescence from single molecules at ambient tempera¬

tures has initiated several attempts to identify and distinguish individual molecules

in solution [22,35, 58, 79,108,121,133,134]. One of the most prominent future ap¬

plications of such a technique is DNA sequencing by labeling individual bases with

different fluorescent dyes [28]. Different properties of fluorescence photons, namely

their spectrum resolved in two channels [108], fluorescence lifetime [133], and fluo¬

rescence lifetime in conjunction with fluorescence intensity [121], have been analyzed

to identify individual molecules. In conventional single-molecule identification tech¬

niques, the identification parameters, like fluorescence lifetime [133] and photon

burst size [121], are computed from bunches of photons generated e.g. during the

passage of the molecule through a focus before photo-bleaching occurs. In the case of

fluorescence lifetime, these parameters are obtained by fits of a model function (ex¬

ponential decay) to a photon arrival time histogram obtained from a single molecule.

The criterion of the identification is based on the agreement of the single molecule

fluorescence lifetime with the bulk lifetime within a given confidence interval.

Many applications require ambient conditions
whichleadtoareducedphoto-stabilityoffluorophorescomparedtofluorophoresinaprotectingenvironmentlikeacrystal(seechapter4).Atypicallabelasusedinbiologyunderambientconditionsemitsabout105photonsbeforephoto-bleaching.Takingintoaccountthatthemen¬tionednumberisonlythemean-valueofacorrespondingexponentialdistribution,andthatatypicaldetectionefficiencyofasensitivemicroscopeisintherangeof3-8%,thisimpliestheneedforanefficientidentificationmethodiftheaimistoiden¬tifyalmostalllabelswithhighaccuracy.Thenumberofrequiredphotonsnecessarytoachieveacertainaccuracycanbereducedifmoreobservablesaredetermined,inwhichthemolecularspeciesdiffer,andifamorepreciseknowledgeabouttheprop¬ertiesofthespecieswithrespecttotheseobservablesareavailable.Inthepresentedmethodtheknowledgeabouttheobservablesofthedifferentspeciesarenotbasedontheoreticalmodels,butonempiricalfingerprintsobtainedbybulk-measurement,whichwereperformedforeachmolecularspeciesunderthesameexperimentalcon¬ditionsasvalidinthesingle-moleculeexperiment.Theprobabilityforhavingone
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particular of the species as emission source can be determined for each detected

photon by using these fingerprints. By combining the probabilities of successively

detected photons the identification procedure is completed, if the resulting proba¬

bility reaches the acquired accuracy. The outlined methology can be applied to each

set of simultaneously determined observables.

The presented measurements rely on analyzing each successively detected pho¬

ton with respect to the observables 'singlet lifetime' and 'emission spectrum'. This

type of time-resolved photon-by-photon analysis became possible by recent develop¬

ments in time-correlated counting electronics and multichannel detection [11]. An

important benefit of the method is that the calculations involved are simple and can

be performed online. Therefore the molecules can be sorted and collected simul¬

taneously for further use or verification of the identification. Second, the analysis

can be stopped when the required accuracy is reached, which allows for a further

optimization of the identification procedure. Third, no model is required for the

analysis.

5.2 Methods and
materialsTheoreticalpartThefirststepinthepresentedmethodistoprovidetheempiricalfingerprints,whichdescribethedifferentspecieswithrespecttotheobservablesdeterminedfromeachphoton.Thisisdonebymeasuringdistributionsoftheseobservablesinbulk-sampleswhichcontainonlyfluorophoresofonespecies,respectively.ThevaluesofanobservablearepartitionedinKbins.Eachbinbcontainsq(6)counts,whichisthenumberofdetectedphotonsshowingacorrespondingvalueoftheobservablewithinthisbin.Thenormalizedphotonhistogramfrommoleculesofsortm\(1<i<N),whereNisthenumberofdifferentspecies,providestherelativeoccurrenceofphotonsintherespectivebin.Thisrelativeoccurrenceisequaltotheprobabilityofdetectingaphotoninbinb(0<b<K)ofthisobservablegiventhat

molecule
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belongs to the sort m,

P(b\ml) = ^-. (5.1)

6=0

Assuming that the number of counts not originating from the molecule is negligible

compared to the number of photons emitted by the molecule, the probability for

having a molecule of sort ra, as emission source of a count in bin b is

PKI6) = /("^(»N.) , (,2)

£ P(mq)P(b\mq)
q=l

provided that the molecule is one out of the N possible kinds of molecules. If the

occurrences of the different molecules in the sample are almost equal, as would be

the case in DNA sequencing, equation 5.2 simplifies to

PMb) = ^SKL. (5.3)

£ P(b\mq)
q=l

A look-up table is generated with
theaidofequation5.3whichassignstoeachbinbofeachobservableacertainprobabilityP^Jft)foreachspeciesi.Thislook-uptableismulti-dimensionalifmorethanoneobservableismeasured.Afterthispreparatoryworkisdonetheprocedurefortheactualsingle-moleculeidentificationcanstart.Providedthatonlyoneindividualfluorophoreiswithintheobservationvolume,photonsfromthissinglemoleculearesuccessivelydetectedandanalyzedwithrespecttoeachutilizedobservable.AccordingtothedeterminedvaluesofanobservabletheprobabilitiesP{mx\b)canbereadfromthelook-uptable.Ifseveralobservablesofafluorescencephotonaretakenintoaccount,theirrespectiveprobabilitiesinequations5.2or5.3havetobemultiplied.Thisholdsofcourseonlyprovidedthattheobservablesarestatisticallyindependent.Thecurrentprobabilityforhavingeitherofthespeciesastheemissionsourcehastobeupdatedaftereachdetectedphoton.IfLphotonsaredetectedfromonemoleculeintherespectivebinsb},wheretheindexjdenotesthephoton

number,



5.2. Methods and materials 73

the probability that these photons are emitted by the molecule m* can be calculated

according to

PlK) =
-±±

. (5.4)

E EI Pim^bi)
q=lj=l

Identification of a molecule is achieved, if the determined probability for one of the

species reaches the required accuracy which is in our case 99.9%. In this case the

measurement can be stopped.

Experimental part

The confocal part of the setup shown in figure 3.5, p. 39 is utilized to perform the

experiment. An active mode-locked Nd:YAG laser frequency-doubled to 532 nm is

used to excite the molecules. The width of the pulses is approximately 150 ps with

a repetition rate of 76 MHz. The arrival time after pulsed excitation
andemissionwavelengthofthefluorescencephotonsareobservedasdescribedbelow.Thefourdyesrhodamine6G(R6G),sulforhodamineB(SRB),dibenzanthran-thene(DBATT),andl,l'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyaninePer¬chlorate(Dil)arechosenasspeciestobeidentified,becauseoftheirdistinctemissionpropertiesandfluorescencelifetimes(seetable5.1).Single-moleculesamplesarepreparedbyspin-casting(9600rpm)ofa10fûdropletfromasolutionofpolymethylmetacrylate(PMMA)intoluenecontainingthedyeinaconcentrationof10~9Montostandardglasscoverslips,previouslycleanedbybakingat510°Cforsixhours.Theresultingpolymerfilmsareinvestigatedbyatomicforcemicroscopyrevealingasmoothsurfaceandathicknessofabout30nm.Bulksamplesarepreparedinthesamewayasthesingle-moleculesamplesbutwithmicro-molardyeconcentrations.Rasterscanningofasingle-moleculesampleleadstoafluorescencebursteachtimeamoleculepassestheconfocalarea,whichhasavolumeofapproximately100attoliters.Thescatteredlaser-lightandbackgroundareefficientlysuppressedby

a
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dichroic mirror, and a holographic notch filter. The resulting fluorescence light is

spectrally separated by a additional dichroic mirror (50% transmission at 575 nm)

before being detected by two APDs. Both APD signals are fed through a routing

device into a PC-card based single-photon counting device (SPC 402, Becker&Hickl,

Germany). A trigger from the mode-locker driver serves as the synchronization

signal. Having dead times of 100 ns and 150 ns, respectively, the APDs and the SPC

card are capable of detecting photons with a rate of up to 8 Mhz. Considering an

overall detection efficiency of the setup of rj
~ 0.065 this number perfectly matches

the excitation repetition rate. For each photon, the arrival times r with respect to

the excitation pulse (256 channels, 25 ns width), the time t with respect to the start

of the experiment (50 ns resolution), and the information which detector counted

the photon is stored. The timing resolution is approximately 400 ps FWHM.

For determining the empirical fingerprints of the four species the respective bulk

samples are investigated in the same manner.

5.3 Results and discussion

Single-molecule identification experiments

Graphical representations of the look-up tables constructed
accordingtoequation5.3fromthebulkmeasurementsareshowninfigure5.1togetherwiththemeasuredphotonarrivaltimehistograms(a).Thestackedprobabilities(accordingtoequa¬tion5.3)tohaveagivenmoleculeasthesourceofaphotonisplottedversusthephotonarrivaltimeforbothspectralchannels(b).Duetothepulserepetitionrateof13ns,almosttwocompletefluorescencedecaysoccurwithintherangeof25nsofthetime-to-amplitudeconverter(TAC).Therefore,foreachofthemaseparatetimewindowisset.Thebordersofthetimewindowareadjustedtoexcludescatteredlaserlightwhichstillmightpassthenotchandbandpassfilters.Lightwhichisscatteredbythesolventorthematrixsurroundingthemoleculecanobscuretheidentification.Nevertheless,inordertooptimizethenumberofanalyzedphotonsthetimewindowsarekeptaslargeaspossible.Thephotonsclosetothe

boundaries
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of the TAC range are neglected since the TAC has non-linearities at both limits of

its range. The shape and the size of the areas representing the probabilities deter-

550 nm <, X £ 575 nm 575nm% X

a) «H» Ir
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Photon arrival time (n$)

5 10 15 20 25

Photon arrival time (ns)

R6G

DBATT

SRB

Dil

Figure 5.1: a) Photon arrival time histograms in the two spectrally

distinguished channels obtained from bulk measurements of the four

dyes R6G, SrB, DBATT, and Dil. b) Graphical representation of

the look-up tables computed from the histograms a) according to

equation 5.3 in two time windows within the TAC range.

mine the efficiency of the identification procedure. Two remarkable features can be

observed in the photon arrival time histograms. A peak at time 13 ns, the time po¬

sition of the laser pulse, in the histogram of the dye DBATT in the short wavelength

channel shows that scattered laser light still is detected. The peak is visible only

for DBATT since its fluorescence intensity in the short wavelength channel is much

lower as compared to the
otherdyes.Second,thereisasignificantdifferenceintheshapeofthehistogramsatshorttimesbetweenthetwochannels.Thisdifferenceisduetorotationofthemoleculeswithinthepolymermatrixwhichleadstoapolar¬izationrelaxationoftheemission.Thedichroicmirrorhasapolarizationdependentreflectancewhichmakesthisrelaxationvisibleinthearrivaltimehistogram[95].Inthesingle-moleculeidentificationexperimenttherespectivelook-uptableisconsultedforeachcountdependingonwhichdetectorregisteredthephoton.Theobtainedprobabilitiesleadtogetherwithequation5.4tothejointprobabilitiesofobservingeitheroneofthe

molecules.
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A typical image of a sample of SRB in a PMMA film obtained by scanning

confocal optical microscopy is shown in figure 5.2. The count rate as a function

of time along the white line is plotted in the inset. The transit of the molecule

through the confocal spot is seen as a burst of photons having a duration of about

15 milliseconds. Depending on the type of dye, during the transit time approximately

500 to 3000 photons are detected in a burst. The number of dark counts during the

dwell time is at least two orders of magnitude lower and therefore neglected in the

analysis.

Figure 5.2: Scanning confocal optical microscopy image of individ¬

ual SRB molecules in a PMMA film. Inset: Histogram (bin width

0.2 ms) of the photon burst emitted by the highlighted molecule

during a single transit through the confocal volume.

Figure 5.3 visualizes the identification experiment for four different single

molecules, one of each dye, embedded in a PMMA film. From top to bottom pure

dilute samples of R6G, DBATT, SRB, and Dil, respectively, are investigated in this



5.3. Results and discussion 77

250

Photon Number

a)

500

m R6G

M DBATT

I SRB

DD Dil

250

Photon Number

b)

500

Figure 5.3: Analysis of single-molecule identification experiments
for four molecules of the respective dyes: stacked probabilities to

have either dye versus photon number, a) without spectral resolu¬

tion), b) spectrally resolved in two channels.
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experiment. The stacked probabilities according to equation 5.4 are plotted versus

the photon number for four selected molecules. Each panel shows how the proba¬

bility of any one of the molecules being observed develops with the photon number.

As soon as the confidence level of 99.9% is reached the analysis is stopped. For the

sake of comparability with the MC simulation (see below), the fluorescence photons

of each burst are analyzed without (a) and with (b) taking spectral resolution into

account. In the case of spectrally resolved time-correlated single-photon counting

(b) the four molecules are identified with a small number of photons. In contrast, if

spectral resolution is discarded (a), no decision can be made regarding the dyes R6G

and SRB within the transit time of the molecule in this example. Figure 5.3 demon¬

strates the stochastic nature of the identification experiment. For small numbers of

photons the probabilities show large fluctuations which decrease as the number of

detected photons increases.

Due to the polarization dependence of the dichroic mirror reflectance the count

ratio between both spectral channels depends on the orientation of the single

molecule. Within the PMMA film, the molecules obey a fixed orientation. For

this reason, linearly polarized light was used in order to excite mainly
moleculeswiththeproperorientation.Moreover,nearthepolymer/airinterfacethelifetimeofafluorophoredependsonitsorientation[71](thelifetimediffersuptoafactorofthreeforthesamemoleculeonceorientedperpendicularandonceparallelwithre¬specttotheinterface).However,inthepresentedexperimentperpendicularorientedmoleculesrarelyareobserved,becausetheyareexcitedtentimesweakercomparedtoin-planemolecules(seetable6.1,p.95).Amoleculeinaliquidwhichrotatesquicklycomparedtothetransittimethroughtheconfocalvolumetakesanisotropiceffectiveorientationremovingthepolarizationdependenceofthecountratio.MonteCarlosimulationsRandomphotonarrivaltimesaregeneratedwiththeaidofaMonteCarlo(MC)methodobeyingexponentialprobabilitydistributionsaccordingtooneofthefourmoleculesatatime.Gaussiantimejitterisaddedtoaccountforafiniteinstrumentresponsefunction.Tosimulatetheexperimentwithtwospectrallyresolvedchannels
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these are randomized obeying the count ratio between both channels. The simulated

data are then analyzed according to the procedure outlined above.

For the simulation, which were performed by colleagues [94], the look-up tables

are generated assuming single-exponential fluorescence decay behavior. A single

look-up table suffices for the simulation of the experiment without spectral resolu¬

tion, whereas two look-up tables, one for each spectral channel, are computed for the

simulation of the spectrally resolved experiment. The lookup tables are generated

within a finite time window since in the experiment a time window has to be set

to account for the laser repetition rate and to reject photons not emitted by the

molecule. In order to compare the simulation with the experiment the bulk values

obtained from the reference experiments were used for the fluorescence lifetimes as

well as for the count ratio between the two spectral channels (see table 5.1).

Table 5.1: Results of the MC simulations of single-molecule identification with

sequential statistics. Right column: Average number of photons required for identifi¬

cation with 99.9% accuracy. Left column: Bulk emission maximum and fluorescence

lifetime
.

Emission Fluorescence No. of photons

Dye maximum (nm) lifetime (ns) 1 channel 2 channels

DBATT 586 10.15 285 102

SRB 584 4.15 7562 647

R6G 555 3.75 8070 267

Dil 572 3.05 1638 724

Table 5.1 summarizes the results of the MC simulations. It compares the num¬

ber of photons needed to
achieveaconfidencelevelof99.9%forfourdifferentdyesfordetectionwithandwithoutspectralresolution.ItclearlyshowsthatthedyesSRBandR6Gcanbeidentifiedwithasmallnumberofphotonsonlyifspectralres¬olutionisexploited.ThedyeDBATT,whichhasasignificantlylonger

fluorescence
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lifetime than the other dyes, is identified by a small number of photons without

needing spectral resolution. The most dramatic decrease of the number of photons

required for identification when spectral resolution is exploited is observed for R6G

since its spectral mean is significantly lower than that of the other dyes, whereas its

lifetime is close to that of SRB.

Recently, the number of photons required to identify one molecule out of two by

fluorescence lifetime without spectral information with 99.9% accuracy was theoreti¬

cally predicted to be well above 1000 if their lifetimes are 3 and 4 ns, respectively [97].

The prediction was based on the precision of the determination of fluorescence life¬

time, i.e. based on a model function. Here, e.g. Dil and SRB having fluorescence

lifetimes of 3.05 and 4.15, respectively, are both distinguished within a set of four

dyes with about 700 photons. Compared to the theoretical prediction in Ref. 11 the

here presented approach is more realistic since a finite instrument response function

is taken into account. In addition, in order to match the experimental conditions

only photons detected within a 12 ns time window are used for the analysis yet

photons outside this window still contribute to the total number of photons needed.

5.4 Conclusions

It has been shown that spectrally resolved time-correlated single-photon countingissuitabletoidentifysinglemoleculeswhicharesimilarinfluorescencelifetime,butdif¬ferentinemissionspectra,andviceversa.Withthepresentedmethodofanalysistheinformationassociatedwitheachphotoncanbetransparentlyexploitedfortheiden¬tificationofitsemitter.Comparedtoothersingle-moleculeidentificationmethods,theapproachpresentedherehasthreeadvantages.(1)Thephoto-destructionquan¬tumyieldandoutoffocusmoleculeswhichbothmayobscuretheresultsobtainedifthefluorescenceburstsizeisevaluated[121]havenoinfluenceonfluorescencelifetimeandspectrum.(2)Notheoreticalmodelsarerequiredsinceouranalysisisbasedonprobabilitydistributions.(3)Thereisnoneedforadeconvolutionsinceallinstrumentresponsefunctionsarealreadyincludedintheempiricallook-uptables.
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The method can be easily extended to more observables and higher spectral

resolutions. Increasing the spectral resolution to 256 channels is well conceivable

and MC simulations show that this will lead to a further decrease in the number of

required photons by almost an order of magnitude. An improved set of dyes with

more distinct properties can gain efficiency of identification to an even higher level.

If the molecules are distinct with respect to another observable, resolution of this

observable has to be provided and one more histogram needs to be recorded which is

then used for the analysis in the same way. For example, to utilize rotational mobility

a polarizing beam splitter has to be inserted in one of the two detection paths with

an additional APD. Thus, if only a small number of photons emerging from one

single molecule can be detected, the single-molecule misclassification probability

can be decreased to the level which is necessary for reliable DNA sequencing. The

method offers the chance to simplify and miniaturize the components to produce

an inexpensive, easy to use, yet extremely sensitive screening device for clinical

applications.
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6. Mapping confined fields with

single-molecules and vice versa

Single dye molecules are used as local probes to map the spatial distribution

of the squared electric field components in confined optical fields. Simulated

field distributions are quantitatively verified by experimentally obtained

field maps. Using these maps it is shown that the field distribution in the

focus of a high numerical aperture lens can be engineered such that electric

field components in all directions acquire comparable magnitudes. It is

demonstrated that a single SCOM image of single molecules recorded with

such an engineered focus allows for the determination of the 3D orientation

of arbitrarily oriented molecular absorption dipoles.

This chapter is based on [109], and [110].
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6.1 Introduction

Single fluorescent molecules are among the smallest possible sensing devices one can

think of. Exploiting their sensitivity to changes in the local environment, single dye

molecules have been used as sensitive probes for dynamics in solids at low temper¬

ature and as markers in biological systems [6,36]. A single dye molecule is also an

ideal probe for mapping confined optical fields, because the fluorescence rate of a

single molecule is directly proportional to the strength of the squared electric field

component parallel to its absorption dipole moment. Scanning a single molecule with

high spatial accuracy through a confined field distribution and recording the fluores¬

cence count rate at each point therefore yields an image pattern which is a map of

the spatial distribution of the respective squared field component. Single-molecule

images showing such effects were first noticed in aperture scanning near-field optical

microscopy (SNOM) [16,123]. In these first SNOM images of single molecules it was

observed unexpectedly that single molecules do not appear as identical peaks, but

rather as various pattern shapes. For an illustration see figure 3.14 (c), p. 57 which

shows an image of single molecules taken with a tube-etched and FIB-treated
tip.Thedifferentpatternsarecausedbyvariousorientationsoftheimagedmolecules,whichwerescannedthroughtheinhomogeneousfielddistributioninthenear-fieldofasub-wavelengthaperture(seefigure3.4,p.37).Amoleculewithacertainori¬entationaccordinglymapsthedistributionofthefield-component,whichisparalleltothemolecularabsorptiondipolemoment.However,themethodisnotrestrictedtoSNOM:distributionsofconfinedfieldsforvariouskindsofscanningopticalmi¬croscopescanbemeasuredandcomparedquantitativelytosimulations.Thisisacapabilitythatmaybeofimportanceforthefuturedevelopmentofnear-fieldop¬tics,sinceitallowsforanexperimentaldeterminationsoffield-distributionswithnm-resolution.Viceversa,iftheelectricfielddistributionsarepreciselyknownawealthofinfor¬mationcanbeinferredfrommicroscopyimages.Itispossibletodeterminepreciselytheorientationofmolecularabsorptiondipolemoments.Thisisanimportantcapa¬bility,becausereorientationofthedipolemomentcanbecausedbysubtlechangesinthechromophoresenvironment[42]orrevealsdegreesoffreedominthespatialor-
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ganization of moieties within macromolecules by observation of hindered rotational

diffusion [44]. Furthermore, various relevant observables in single-molecule experi¬

ments such as lifetime [71] and fluorescence quantum yield [89] are influenced by the

dipole orientation. Knowledge of relative orientation is also a prerequisite for precise

distance measurements using single-pair fluorescence resonant energy transfer [43].

A fundamental requirement for the determination of arbitrary molecular dipole

orientations is that the three independent components of the optical excitation field

are of comparable magnitude. By analyzing single-molecule image patterns it is

proved that a field distribution satisfying this condition is created by focusing a

doughnut-shaped laser beam onto a dielectric/air interface using a high numeri¬

cal aperture (NA) lens [109,110,129]. These results are of relevance in confocal

microscopy of single molecules at interfaces and in tip-enhanced nonlinear optical

microscopy [99]. In the latter case, a strong longitudinal field component is necessary

to create a strong field enhancement at a sharp metal tip [73,99].

6.2 Theory for engineering focal fields

The theory for calculating the three-dimensional distribution of electro-magnetic

fields in the focus of a high numerical aperture lens was developed by Richards
&Wolf(1959)[96]andisstillofcurrentinterest[5,93,132].Thescalarwavetheoryandtheparaxialapproximationisadequatefordescribingthefocusingprocesswithlownumericalaperturelenses,butnotvalidformodelingthefocusingprocesswithhighnumericalaperturelenses.Inthefollowingthecaseoffocusinglinearlypolarizedlight(z-direction)withahighnumericalaperturelensisconsidered.Asopposedtothescalartreatmentthevectorialdescriptionyieldsanelectric(andmagnetic)fieldinthefocalregionwhichalsocontainscomponentsperpendiculartothepolarizationdirectionoftheincidentbeam[5,96].
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6.2.1 Pictorial description of the focal field

Figure 6.1 (a) illustrates the geometry of the focusing problem in a ray optics picture.

Although ray tracing is inadequate for mathematical modeling of the problem, it can

give some insights and rationalizes the general shape and structure of the expected

field distributions. The solid lines in figure 6.1 (a) depict representative rays in

the outer rim of the incident parallel beam. The incident electric field vector E% is

oscillating along the z-direction. The arrows represent the field vector at a certain

time at several positions along
thebeam.Afterrefractionbythelens,allrays,apartfromtheoneontheopticalaxis,aretilted.Consequently,theorientationoftherefractedelectricfieldvectorEringeneralistiltedawayfromthepurex-orientationexceptforsomeclassesofrayswhichwillbediscussedbelow.Asaconsequence,thefielddistributioninthefocalregioncontainselectricfieldcomponentsofalldirections.Ontherighthandsideoffigure6.1(a)simulateddistributions(seesection6.2.3)ofthesquaredx-,y-,and^-componentoftheelectricfieldinthefocalplaneareshown.Thex-patternisabrightspot(labeledbyE?).The^-patternconsistsoftwoequallyintenselobesseparatedbyadarklinealongthey-axis(Ef).The^/-patternincludesfourequallyintenselobesseparatedbyadarkcross-shapedareaorientedalongthex-andy-ax.es(E?).Aqualitativeexplanationfortheoccurrenceofthesecharacteristicpatternsisgiveninthefollowing.Thepatternofthez-componentoftheelectricfieldiscreatedbysuperpositionofthex-componentsofthefieldsinthefocusedrays.Itresultsinacentro-symmetricpatternwithamaximuminthecenterofthefocusbecausesymmetricrayshavetherethesamephaseandconsequentlyinterfereconstructively.Dependingonthedistancetothegeometricalfocusinthefocalplane,rayshavedifferentopticalpathwaysandthereforeanon-zerophasedifference.Thisresultsinlessconstructiveinterferenceandleadstodestructiveinterference,finallyresultinginacentrosymmetricfringepattern.Rayswithintheyz-p\ane(x=0)[seefigure6.1(b)]ares-polarized,becausetheelectricfieldvectorisperpendiculartotheplanespannedbytheincidentandtherefractedray.ThedirectionofÊ\s'remainsunchangedafterrefraction[55].Forthisreasonrayswithinthe2/2-planeonlycontributetothez-componentofthe

electric



Pictorial description of the focal field 87

(c) (e)

/\ \
AAA

U" |

Figure 6.1: (a) Image of the three-dimensional focusing optics. The grey ellipse
marks the position of the lens. For a given instant in time the electric field vectors

are indicated as arrows. {E%) is the electric field before, and (Er) after refraction by
the lens, (b) Section along the ^-plane (x=0). The orientation of the electric field

vector points into the paper-plane (<g>). (c) Section along the xz-plane (y=Q). The

electric field vector is within the paper plane (/*). (d) Projection onto the xy-p\ane
as seen from the focus. The in-plane components of the electric field are shown

(/*). (e) Summary of the field distribution in the focal plane. The arrows depict
the direction of the electric field vector at indicated positions in the focal plane. The

pointed shape of the arrows
illustratesthe^-componentofthefieldvector(adoptedfromrepresentationsofchemical

bonds).
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field and have no y- or z-component, which causes the appearance of the dark line

along the y-axis (x = 0) in the y-pattern as well as in the z-pattern.

Rays within the zz-plane (y = 0) [see figure 6.1 (c)] are p-polarized, because the

electric field vector is parallel to the plane spaned by the incident and the refracted

ray. Figure 6.1 (c) visualizes the fact that, after focusing, rays in the xz-plane do

not contain a y-component [55] giving rise to the dark line along the z-axis (y = 0)

in the y-pattern, which together with the dark line along the y-axis forms a dark

cross in the y-pattern.

On the other hand the electric field vector of rays in the zz-plane in general

undergoes a change in direction and gains in z-component due to the tilting of the

rays. Figure 6.1 (c) shows that symmetric off-axis rays have electric z-components

of equal values but opposite signs. Thus, superposition in the focal plane leads

to a vanishing
z-componentonthey-axis.Atpositionsawayfromthey-axistheresultingfieldcontainsanonvanishingz-componentbecauseinthiscasethetwointerferingrayshaveafinitepathwaydifferenceatthepointofsuperposition.Theseconsiderationsprovideaqualitativeexplanationfortheshapeofthedistributionofthez-componentoftheelectricfieldwhichcomprisestwoequallyintenseandsymmetriclobesseparatedbyadarklineonthey-axis.Whilefigure6.1(b)and(c)explaintheexistenceofthedarkcrossinthey-pattern,figure6.1(d)illustrateswhythefocalfieldcontainsy-componentsatall.Thisissurprisingbecausetheincomingfieldbeforethelensislinearlypolarizedalongx.Thefigureshowsaprojectionoffigure6.1(a)asseenfromthefocus.Theeightstraightlinessymbolizeraysattherimofthebeamwhichconvergetowardsthefocus.Accordingtothediscussionabove,raysonthex-ory-axishavenoy-component.Allotheroff-axisbeamscontainasmally-componentduetothesuperpositionofrefracteds-andp-polarizedfieldcomponents[96].Thelargertheapertureangleoftheray,thelargerisitselectricfieldy-component.Therelativesignofthey-componentsalternatesfromquadranttoquadrantassketchedinfigure6.1(d).Accordingly,superpositionactuallyleadstonon-vanishingamplitudesonlyinthecorner

areas.
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Figure 6.1 (e) summarizes the qualitative picture of the field distribution in the

focal plane. The arrows depict the direction of the electric field vector at certain

positions in the focal plane for a given instant in time. The pointed shape of the

arrows illustrates the z-component of the field vector. Using this pictorial descrip¬

tion of the field distribution provides an impression of the types of image patterns

obtained for arbitrarily oriented dye molecules.

From the above considerations it is clear that rays with high semi-aperture

angles a have particularly large y- and z-components of the focal electric field.

Therefore, the relative magnitude of perpendicular
fieldcomponentswithrespecttothepolarizationcanbeenhancedascomparedtotheparallelcomponentiftheinnerpartofthebeamisblocked(annularillumination)[100].Thispropertyisofrelevanceinconfocalmicroscopyofsinglemoleculesatinterfacesespeciallyori-entationalimagingofsinglemoleculesusingSCOM[109,110,129],intip-enhancednonlinearopticalmicroscopy[99],andinengineeringalaserlinac[100].6.2.2MathematicaldescriptionofthefocalfieldAsillustratedinfigure6.1(b)and(c)as-polarizedfieldremainsunchangedbyre¬fractionopposedtoap-polarizedfield,whichundergoesachangeofdirection.ForthisreasonitisappropriatetodecomposeanincidentfieldEtintoitss-polarized*(s)-*(p)componentEtanditsp-polarizedcomponentEt.Becausethes-polarizedcom¬ponentisperpendiculartotheplanespannedbytheunit-vectorszands(seefigure6.2(a)),itisgivenbyE{s)=(eèXê^2X§ZXS\J\ZXs\wherethetermsinthedenominatorarenecessaryfornormalization.Thep-polarizedcomponentliesintheplanespannedbyzandsandis,aswellaseachcomponentofatransversewave,perpendiculartothedirectionofpropagationz,whichleadstotheexpressionÊ{P)=(e*x(*xS)\.z^jzxs)\zxs\J\zxsi
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Figure 6.2: Refraction of a plane wave at an aplanatic lens (L) is determined by
a spherical surface with radius /. (a) The field is considered in the planes pt,

pr and pfoc with corresponding coordinate systems (x,y,z), (f,@,4>) and (r, $,</?),
respectively. The direction of propagation is described by unit-vectors z, s. (b)
Corresponding surfaces on the sphere and in the collimated

beamareconnectedbyafactorcos9whichimpliestogetherwiththelawofenergyconservationafactorVcos9betweenthecorrespondingfieldamplitudes.Afterrefractionbyalensthes-polarizedcomponentisunchangedwhereasthevector[zx(zxs)]describingthedirectionofthep-polarizedcomponentisrefractedintothedirection[sx(zx§)],whichisperpendiculartothenewpropagation-directions.Thus,thefielddirectafterrefractionbythelenscanbeexpressedas[E%[zx§})[zxs]+\Èl\zx(zxs)]j[sx(zx§)]Er=±'-^——'-V^ô.\zxs|2ThefactorVcosöisaconsequenceofenergyconservation(seefigure6.2(b))as¬sumingidealrefractionwithoutlosses.Restrictingthecalculationstothecaseof-TanincidentwaveEt=(E0,0,0),whichislinearpolarizedin^-direction,andusingsphericalcoordinates(/,9,</>)leads,aftersometrigonometricmanipulations,to[83]Er(9,<j>)=E0(smisin</>\/cos</>0cos6cos9\sin(j)cos9—sin9IVcos9.(6.1)+COS(j)\°)\Recallingthediscussioninsection2.2.4,p.25,thefieldinthefocalregioniscompletelydeterminedbythefieldafterthelens,becausenoevanescentwaves
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are involved. The focal field £foc can be calculated according to equation 2.18,

p. 25. Expressing equation 2.18 in spherical coordinates (r, $, ip) instead of Cartesian

coordinates (x,y,z), and introducing the field Er as E^ leads to [83,96]:

"max ^T

#focM>¥>) = %kfl
'

f[Êr(6,<j))elkrcos0cos*etkrsmesm»cos{4'-'pîsin9d(j>d9ooWiththemathematicalrelations2ttfcosn<f>elxcos^-^d<j>=2tt(z")Jn(x)cosnipo27T[sinncf>elxcos^-^d(f>=2tt(«")Jn(x)sinmpowhereJnisthen-thorderBesselfunction,theintegrationover4>mequation6.5canbecarriedoutanalytically.Thefinalexpressionsforthefocalfieldnowcon¬tainasingleintegrationoverthevariable9.Itisconvenienttousethefollowingabbreviationsfortheoccurringintegrals:hIVc~o~s~9sin9(1+cos9)J0(krsintfsin6)elkrcos0cosêd9,o"maxfVœsêsin29Jx{krsini?sin9)elkrcosecos*d9,o"max/\/cos9sin9(1—cos9)J2(krsin$sin9)e„zfcrcos8cos0(6.2)(6.3)(6.4)Usingtheseabbreviationsthefocalfieldcannowbeexpressedas[83,96]:/£focM>^)ikfe-tkfIq+I2cos2(p\Iisin2<p\—2iIicosipI

(6-5)
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The integration over 6 in equations 6.2-6.4 is limited to the range [0...8max]

because a lens has a maximum collection angle of 6max determined by its numerical

aperture (NA = nsin9max). Equation 6.5 represents an integral solution of the focal

field in a homogeneous medium.

To create a focal field with comparable high z- and

^/-components, the inner part of the incident part

is blocked (annular illumination). In this case only

components within a range
[0min...9max]contributetothefocalfield,whichdeterminestheintegrationrangeover6intheintegralsinequations6.2-6.4.Thefocalfielddistributionisalsochangedifadis¬turberispositionedwithinthefocalregion.Thisisforexamplethecaseiffocusingontoaplanarinter¬facebetweentwodielectricswithrefractionindicesniandn2,whichisrealizedinconfocalmicroscopyatsurfaces.Thefocalfielddistributiondiffersinthiscasefromtheonedefinedinequation6.5,becausereflectionandtrans¬missionattheinterfacehavetobetakenintoaccount.ReflectionandtransmissionofplanewavesatplanarinterfacesaredescribedbyFresnelreflectionandtrans¬missioncoefficients(r,t),whichdependonniandn2andaredifferentfors-andp-polarizedplanewaves[55].Therefore,thefocalfieldnearaninterfaceatz=0canberepresentedas•^foc/int+^M£)+^U^),££):z<04(ls('(M£)+Ê^tUÊ"):z>0'(6.6)ThereflectedandtransmittedfieldshavebeenrigorouslycalculatedbyLucasNovotnybyusingtheangularspectrumformalism[83].Togetherwithequation

6.5
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this leads again to a general integral solution of Êfocr-mt, which was exploited for

the following field simulations.

6.2.3 Field simulations

The electric field in the vicinity of the geometric focus has been numerically calcu¬

lated for the following four geometries in order to assess the influence of different

experimental parameters (see figure 6.3): (a) homogeneous medium with full illumi¬

nation, (b) homogeneous medium with annular illumination, (c) focus at a dielectric

interface with full illumination, and (d) focus at a dielectric interface with annular

illumination.

Focal field calculations for a homogeneous medium with full and annular il¬

lumination have been performed, using the integral solution of the focal field (see

equation 6.5). It contains diffraction integrals that were evaluated numerically using

a series expansion [56]. The resulting focal field in a homogeneous medium is also

used as a starting point to determine the focal field close to an interface (see equa¬

tion 6.6). Figure 6.3 shows the squared total field (|E|2) in the xz-plane (logarithmic

scale) for the geometries
(a),(b),(c),and(d)aswellastherespectivesquaredx,y,andzelectricfieldcomponentsinthefocalplane.Inthepresenceoftheinterface[figure6.3(c),(d)],rayswithhighapertureanglesundergototalinternalreflectionwhichleadstoa(weak)standingwavepatterninthehigherindexmedium.Theinterfacefurtherincreasestheellipticityofthespotshape.Alongthedirectionoftheinitialpolarization(x)thespotisalmosttwiceasbigasinthedirectionperpen¬diculartoit(y).Moreover,therelativestrengthsofthecomponentsarechangedcomparedwiththesituationwherenointerfaceispresent.Annularilluminationslightlyreducesthespotsize[128].However,thisreductionisattheexpenseofmorepronouncedside-lobes.Inthecaseofannularilluminationthefocalspotsplitsupabovetheinterfaceintotwospotsalignedalongthedirectionoftheincidentpolarizationandseparatedby«200nm.Itisremarkablethattherelativestrengthofthefieldcomponentschangesstronglyforthedifferentgeometries(seetable6.1)whereastheshapeoftheirdistributioninthefocalplaneisnearlyunaffected.
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Figure 6.3: Calculated distributions of squared electric field components in the focal

region for different geometries (a) homogeneous space, full illumination; (b) homoge¬
neous space, annular illumination; (c) focus at the interface between glass (polymer)
and air, full illumination; (d) focus at the interface between glass (polymer) and air,
annular illumination. The large overview images show the squared total electric

field in the xz-section through the geometrical focus (factor of two between adjacent

lines). Each plot is accompanied by the respective plots of the squared x-, y-, and

^-components of the electric field in the focal plane (lxl /im).
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Illumination annular full annular full

Interface no no yes yes

Max[El]/Max[El\ 108 315 11 33

Max[El]/Max{El] 3.8 (2) 8.1 (2) 4.5 (0.93) 10.5 (0.93)

Table 6.1: Relative strength of the maximal E%, E^, and El in a plane 5 nm below

the polymer/air interface from calculations for different geometries. Angular range:

0° - 58° for full illumination and 38° - 58° for annular illumination. The values in

brackets are the ratios of the collection efficiencies for a horizontal with respect to

a vertical dipole [83].

The simulated field distribution (d), resulting for annular illumination and fo¬

cusing onto a dielectric interface, is most interesting for single-molecule studies,

because all components are of comparable magnitude allowing for excitation of ar¬

bitrarily oriented fluorophores. Moreover, the neighborhood of an interface is the

more realistic situation in a single-molecule experiment than a bulk sample.
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6.3 Methods and materials

Fluorescence

A single dye molecule is very well suited to map the distribution of field components

with nanometer scale accuracy and resolution because it has an absorption cross-

section in the À- to nm-range and its fluorescence rate R(f) is given by (see p. 14 in

section 2.1.1)

R(t) = c d • E(r) . (6.7)

Here, d is the unit vector along the absorption dipole moment of the molecule, E(r)

is the electric field vector at the position f of the molecule, and c is a constant. The

fluorescence rate is directly proportional to the squared field component parallel to

the absorption dipole vector. The above relation is valid as long as the excitation

intensity is far from saturation. Once the focal field distribution E is known it is

possible to calculate scanning image patternsofsinglemoleculesaccordingtoequa¬tion6.7(seediscussiononp.14f.).Figure6.4showstheexpectedimagepatternsformoleculardipolesofvaryingorientationsaccordingtoequation6.7usingthenumer¬icalcalculatedfielddistributionforannularilluminationandpresenceofaninterfacenearthefocalplane.Allpatternsobeythesamecontrastsettings(scalebarontheright).Thepatternschangegraduallyasthedipoleisrotatedwithrespecttothedirectionofpolarization.Inthecornersofthematrixthethreepureimagepat¬terns(x,y,andz-orientation)arerecovered.Patternsforotherorientations,i.e.fornegativeangles,thanonesdisplayedcanbeobtainedbysymmetryconsiderations.SamplepreparationSampleswerepreparedbyspin-casting(9600rpm)ofa10y\dropletfromaso¬lutionofpolymethylmetacrylate(PMMA)intoluenethatalsocontainsthedyel,l'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine(Dil)inaconcentrationof10~9Montostandardglasscoverslips.Thecoverslipswerecleanedbeforehandbybakingat510°Cforsixhours.ThedifferenceintherefractiveindicesofPMMA
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(np = 1.49) and glass (ng = 1.52) is negligible. The only relevant step in the dielec¬

tric constant occurs at the PMMA/air boundary. Atomic force microscopy of the

polymer films revealed a smooth surface and a thickness of about 30 nm.

Experimental

Figure 6.5 shows the setup used in the present study. The only difference to the

confocal part of the instrument described in section 3.3 (see figure 3.5, p. 39) is a

circular on-axis beam-stop (S) with a diameter of 3 mm built into the illumination

path. The beam stop blocks the central part from the beam before it is reflected at

the dichroic mirror and entering the microscope objective. The resulting doughnut-

shaped beam is focused to a diffraction-limited spot onto the thin sample on top

of a cover glass. Opening angles 9 between 38° and 58° contribute to the field

distribution in the focus. The full angular range of fluorescence is collected by

the same objective and projected onto the active area of a single photon counting

avalanche photo diode (SPAD). Single-molecule fluorescence images were recorded

at excitation intensities far from saturation by raster scanning the sample through

the focus using a linearized x-y-z piezo scan table and recording the number of counts

for each pixel. The detected intensity is independent on the position
oftheimagedmoleculewithinthefocalregion,becausethesizeoftheback-projectedimageoftheactivedetector-areaintothefocalplaneisabout1/j,m2indiameter(seediscussioninsection3.3).Forthisreasontheresultingimagepatternsaremapsofthesquaredfieldcomponentsparalleltothemoleculardipolesoftheimaged

molecules.
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Figure 6.4: Single-molecule image patterns calculated according to equation 6.7 from

the field distribution, which results by assuming annular illumination and focusing
onto an interface. The image patterns were calculated for an array of differently
oriented molecules placed 5nm below the interface. The xyz coordinate system
indicates the definition of the dipole orientation angles ß and <f> with respect to the

incident polarization (double arrow).
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Figure 6.5: Setup for annular illumination scanning confocal optical microscopy.
LI: collimation

,
O: microscope objective ,

DM: dichroic mirror, M: mirror, F:

holographic notch filter, L2: focusing lens, SPAD: single photon counting avalanche

photodiode, S: beam stopper, P: polarization controller, F single mode fiber.
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6.4 Results and discussion

6.4.1 Field-mapping on a nano meter scale

A focal field distribution with comparable magnitude of all components is engineered

according to the considerations in section 6.2.1-6.2.3 by using annular illumination

and focusing onto a dielectric interface (see section 6.3). This configuration [case

(d), see p. 93] is chosen for a detailed comparison of experimental results and theory,

because it predicts comparable magnitudes for all components which is of great

importance in view of single-molecule applications. Moreover, a verification of the

modeled field distribution for the case (d) of focusing with annular illumination by

a high numerical aperture objective onto a dielectric interface implies the validity

of the more simple, underlying configurations [case (a)-(c), see p. 93].

Figure 6.6 shows fluorescence images of single molecules, which are embedded

in a thin polymer film, obtained with the setup shown in figure 6.5, p. 98. The

orientation of the electric field vector of the incident light before focusing is indicated

by the arrows in the images. Various spot shapes can be observed. The patterns are

generated by the fluorescence emission of single molecules because (i) some of the

patterns are truncated becauseofdigitalphoto-bleachingduringline-by-lineimageacquisition(theimagesinthetoprowwererecordedfromlefttoright,theimagesinthebottomrowfrombottomtotop),(ii)somepatternsexhibitintermittentdarkspotsduetoexcursionstoadarkstatee.g.thetripletstateand(iii)thepatternsareinagreementwithexpectedfluorescenceimagesofasinglepoint-likedipole.Especiallypatternsmarkedwithx,y,andz,respectively,correspondtomoleculeswithx-,y-,z-orientation(seefigure6.3,p.94).Thetwoimagesinthetoprowoffigure6.6,andinthebottomrow,eachshowthesameareawiththeexcitationpolarizationturnedby90°.ThepatternsthereforeappearatthesamepositionsintheimagesoftheleftandrightcolumnandcanbeassignedtothesamedyemoleculebeingfixedinthePMMAmatrix.Thedifferentappearanceofthesamemoleculecanbeexplainedbythechangedfielddistributioninthefocalregionduetotherotatedpolarizationoftheincidencelight.Thisisnicelyillustratedbythetwomoleculeswhicharemarkedwithyintheimagefigure6.6(a)andwithxinthe
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Figure 6.6: Confocal single molecule fluorescence image of Dil in a thin film of

PMMA obtained with linearly polarized (arrow), annular illumination. Character¬

istic patterns are labeled by x, y, and z. They result from molecules that map the

squared x-, y-, and ^-components of the electric field in the focus, respectively.

image figure 6.6 (c) .
Both show in figure 6.6 (a) a pattern which is consistent with

a molecule mapping the squared y-component of the electric field distribution in the

focus. This provides evidence that the molecular absorption dipole lies in the focal

plane and perpendicular to the direction of polarization. In image figure 6.6 (c) the

polarization is rotated by 90° and is thus parallel to the orientation of the absolute

dipole of these two molecules. Accordingly, they now map the x-component of the

focal field distribution. The pattern marked by z remains unchanged in figure 6.6 (b)

and (d), however, its orientation follows the direction of the incident polarization,

which allows for the assignment to a z-oriented molecule.

According to this consideration differently oriented molecules map the corre¬

sponding squared field components. Conversely, if the experimentally achieved field-

distribution is reliably known, then it is possible to determine the orientation of the

imaged molecules by comparing
therecordedfluorescencepatternswiththecalcu¬latedmapsofsquaredfieldcomponentsfordifferentorientationsasdisplayedinfigure6.4(seealsosection

6.4.2).
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Comparison of theory and measurements

In order to compare the simulated and the experimentally determined focal field,

measured and calculated distributions of three, mutually perpendicular, squared

field components are compared in the following. For this purpose it is most il¬

lustrative to compare the measured x-, y- ,
and ^-patterns with the corresponding

simulations. Figure 6.7 shows the comparison between measurement and simulation.

The images in row A are measured image patterns, row B shows the respective cal¬

culated maps of the squared x- y- and z-field components in the focal plane (column

x, y, and z). The measured as well as the calculated images have a size of lxl/^m

with the origin in the center of the patterns. Either two (in the case of the x- and

z-pattern) or three characteristic line cuts (in the case of the y-pattern) were taken

at the same positions in the measured and calculated images. The cuts taken from

the measured images and calculated patterns are indicated by solid and dashed lines,

respectively. The resulting intensity profileshavebeennormalized.Thetopandthebottomrowshowsthehorizontalsectionsandtheverticalanddiagonalsections,respectively.Experimentsandtheoryarecomparedwithoutadjustableparametersapartfromnormalization!Afirstglanceattheprofilesinfigure6.7revealsagoodagreementbetweenmeasurementsandcalculations,regardingthegeneralcurveshapeaswellasthesize,position,andrelativeintensitiesofmainandsidepeaks.Theverticalsectionsintheobservedandcalculatedx-patternmatchnearlyperfectly.Thehorizontalsectionsinthere-patternsshowthatthemeasuredwidthofthepeaksisslightlybroader(14%)thanthecalculatedwidth.Theintensityofthesidepeaksis24%largerinthecalculatedpatternthaninthemeasuredpattern.Thepositionsofthesidepeaksmatchperfectly.Incaseofthe^/-pattern,allprofilesshowaverygoodagreementwithrespecttorelativeintensitiesofmainandsidepeaks.Intheupperrightcornerthesidelobeofanothermoleculeoverlapswiththesidelobeoftheinvestigatedpatternwhichcauseslargerintensitiesinthisarea(byafactorof2).Thehorizontalsectioninthe^-patternsrevealsawiderpeak-width(14%)inthemeasurementthaninthecalculationandthemeasuredside-lobesare
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more pronounced. This is similar to the case of the z-pattern (x,A). The intensity

profiles of the vertical section match very well even though the molecule shows

blinking during the image acquisition. Other conspicuous features in the measured

pattern are some black or rather dark pixels within the patterns. They result from

excursions to a dark state of fluorescence (e.g. a triplet state). Black pixels turn

up if the off-time exceeds the integration time of 1 ms per pixel and pixels with

reduced intensity appear for shorter dark state lifetimes. Additionally, intermediate

intensities are caused by interpolation between two adjacent pixels which was the

only image processing performed. Furthermore, there is a certain influence of shot

noise in the measured data. The shot noise is given by the square root of the absolut

count-number with n ~ 150 counts per ms in the peaks.
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Figure 6.7: Comparison of measured and calculated field maps. In columns: field-

maps in the focal plane of the squared x-, y-, ^-component indicated with x, y, and z.

The top row shows intensity profiles of the horizontal sections of the measurements

(solid curves) and simulations (dashed curves). Row A: measured field maps, Row

B: calculated field maps. Bottom row: intensity profiles of vertical and diagonal
sections of the measured data (solid curves) and simulations (dashed curves).
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6.4.2 Orientational imaging of single molecules

In section 6.4.1 it was shown that it is possible to engineer a focal field distribu¬

tion which contains components of comparable magnitude in all directions. This

allows for exciting molecules of arbitrary orientations. Moreover it was demon¬

strated that the experimentally achieved field distribution is reliable known by the

corresponding simulations (see section 6.4.1). This opens the way for determining

the three-dimensional orientation of an arbitrarily oriented molecule by comparing

the recorded image pattern with simulated image patterns of differently oriented

molecules. The simulated image patterns are calculated according to equation 6.7,

p. 96, assuming that the molecules are placed 5nm below the polymer/air interface.

A matrix of simulated image patterns is calculated in steps of 22.5° covering all

possible three-dimensional orientations (see figure 6.8). The upper image-matrix in

Figure 6.8 shows image pattern in the case of x-polarized incident light; the image

patterns at corresponding positions in the lower matrix show the appearance of the

same molecule provided that the polarization of
theincidentlightisrotatedby90°.Thedipoleorientationisdescribedbytwoangles,(pandß,whicharedefinedinthecoordinatesysteminfigure6.8.Thecontrastsettingsarethesameforeachpattern.Asanexample,theorientationoftheabsorptiondipolesofninemoleculeswhicharemarkedintheuppertwoimagesinfigure6.9shallbedeterminedinthefollowing.Bothimageswererecordedwithx-polarizedincidentlight.Forthisreasonthedetectedimagepatternsarecomparedwiththecalculatedimagepatternsintheuppermatrixinfigure6.8.Simulatedpatternsarepickedoutwhichbestmatchwiththeobservedpatternsandareshownintheupperrowofthetableinfigure6.9.Theorientationoftheimagedmoleculesaredeterminedbytheangles<pandßwhichcanbetakenfromthematrix6.8forthematchingpattern.Thisinprincipleconcludestheorientationdetermination.Foracross-checkthetwolowerimagesinfigure6.9wererecordedatthesamesampleareainasecondscanafterrotatingthepolarizationby90°.Twomoleculeshavedisappearedduetophoto-bleachingbuttheninemarkedmoleculesreemerge,asexpected,atthesamepositionsbutwithchangedpattern.Theorientationsofallvisiblemoleculesaredeterminedby

the
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Figure 6.8: Calculated fluorescence patterns for differently oriented molecules in the

case of x-polarized (upper matrix) and y-polarized (lower matrix) incident light.
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Figure 6.9: Single molecule orientation determination. Single molecules embedded

in a thin PMMA film were imaged by annular illumination SCOM. The polarization
of the incident light is depicted as double arrow on the left hand side. The orien¬

tations of the nine marked molecules are determined in two images series, which

were recorded subsequently with x- and y-polarized incident light, respectively (see
coordinate system on the right hand side). The resulting orientations are listed in

the bottom tables, where the matching simulated image patterns together with the

corresponding angles are shown.
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same procedure using the lower matrix in figure 6.8. For the molecules number 2,

3, 4, 5, 6, 8 and 9 the determined orientation is the same in the first and the second

scan. Molecule number 1 and 7 are assigned to different orientations in the first

and second scan. The pattern 1' seems to lie between the two simulated patterns

which are shown in the lower table in figure 6.9, which implies that the corresponding

molecule has rotated in-plane by ~ 35°. For the molecule 7 an in-plane rotation by

« 22° is determined.

The precision in this method is yet restricted to about 10° because the compar¬

ison between measurement and simulation is based on the pattern-matrix in figure

6.8 with steps of 22.5° and was done by visual inspection. But the good agreement

between simulation and data, which was revealed in the quantitative comparison

in section 6.4.1, gives evidence for a great potential of this method in combination

with suitable image processing for a reliable determination of the orientation of the

molecular absorption dipole .

6.5 Conclusions

The striking agreement between measured and calculated field maps (see section

6.4.1) allows for the conclusion that the model of the focusing process with high

numerical aperture lenses is experimentally verified. Moreover it is demonstrated

that single molecules can be utilized to quantitatively map the spatial distribution ofconfinedopticalfieldswithgreataccuracy.Theremainingdeviationsbetweensimulationanddatainthepresentstudyarepartlycausedbyblinkingandshotnoise.Bothsourcesoferrorscanbedecreasedbyincreasingtheintegrationtime.However,anincreasedintegrationtimedecreasesthetimeresolutionandincreasestheriskofphoto-bleachingduringimageacquisition.Forlongintegrationtimesorientationaldiffusioncanblurtheobservedpatterns.Apartfromthesesourcesoferrorsinherenttothemethodthereareactuallysmalldifferencesbetweenthemodelandtheactualexperimentalconfiguration.Forexample,theincidentlightmaybenotperfectlylinearlypolarized(typicaldepolarizationbetween10~2and10~3).Also
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the model assumption of an incident plane wave is not perfectly fulfilled by a laser-

beam with Gaussian profile even if the entrance aperture is over-illuminated.

The calculated field-maps can be regarded as point spread functions for dif¬

ferently oriented dipole-point-sources, which characterize the capability of the con-

focal microscope (see section 2.2.5, p. 26). The consistence of calculated and mea¬

sured field-maps therefore proves that the theoretically predicted resolution limit is

achieved by the implemented instrument.

Relying on the convincing agreement between simulated and measured image

patterns a method for determination of molecular dipole orientations was presented.

It should be pointed out, that within the presented method the arbitrary orientation

of a molecular dipole can be determined from a single image. However, by imaging

the same molecules twice with orthogonal polarization, the method can be extended

to determine the full orientation of single molecules far from an interface. Thus, the

optical sectioning capabilities of confocal microscopy as well as any other facility of

SCOM can simultaneously be exploited. The demonstrated method is well suited for

monitoring rotational diffusion of single molecules in complex environments. In the

case of Dil molecules embedded in a thin PMMA film the determined orientation of

nine molecules imaged in two subsequent scans imply a quite fixed orientation of the

molecules within the polymer matrix. The speed of the method is only
limitedbythephotonemissionrate.Assumingthat10x10pixelsaresufficienttodeterminethepatternofasinglemolecule,thetimeneededtodeterminetheabsorptiondipoleorientationis100ms.
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