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Abstract

The topic of the present thesis is the investigation of single nano- and microsized parti-
cles for the understanding and design of novel nanooptical elements as light sources and
sensors, as well as light collecting and guiding structures. In addition to particle char-
acterization, the focus is on different methods for electromagnetic particle manipulation
aimed at controlling the particle’s position or geometry. The specific manipulations are
used for isolation, modification and transfer of preselected particles, enabling combination
of particles into more complex photonic systems, which exceed the functionalities of the
individual constituents.

The main part of this work deals with experiments on levitated particles in linear Paul
traps. Due to the spatial isolation in the electrodynamic quadrupole field, particles can be
investigated with reduced environmental interaction. Different nano- and microparticles
are characterized in the trap by fluorescence or white-light scattering spectroscopy: op-
tically active particles (dye-doped polystyrene nanobeads, clusters of nanodiamonds with
nitrogen vacancy defect centers, clusters of colloidal quantum dots) as well as particles
with optical resonances (plasmonic silver nanowires, spherical silica microresonators). A
method is presented that enables deposition of single particles from the trap onto the facet
of an optical fiber for subsequent characterization with an atomic force microscope. This
technique can also be used to functionalize fragile photonic structures, which is demon-
strated by the deposition of spherical microresonators and quantum dots on a tapered
optical fiber. Segmentation of the linear trap geometry allows for separation as well as
transport of several particles along the one-dimensional trap center. This capability is the
basis for another new method to combine single particles in the trap, which is used to
assemble optically active particles and spherical microresonators. The resulting particle
composites remain stable in the trap and show electromagnetic coupling effects.

In a further part of this work a method to manipulate the geometry of plasmonic
nanoparticles is presented. Single gold nanospheres on a coverslip are melted and shaped
with a focused laser beam. The localized surface plasmons can be influenced specifically by
controlled changes of the particle symmetry. In addition to optical fluorescence and white-
light spectroscopy, changes of the particles are monitored with an atomic force microscope
and a scanning electron microscope. The technique can be carried out step by step and is
reversible, which enables fine-tuning of the resonances of a plasmonic nanoparticle.
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Zusammenfassung

Gegenstand der vorliegenden Dissertation ist die Untersuchung von einzelnen nano- und
mikrometergroflen Partikeln, zum Verstédndnis und zur Entwicklung von neuartigen nano-
optischen Elementen, wie Lichtquellen und Sensoren, sowie Strukturen zum Aufsammeln
und Leiten von Licht. Neben der Charakterisierung stehen dabei verschiedene Methoden
zur elektromagnetischen Manipulation im Vordergrund, die auf eine Kontrolle der Position
oder der Geometrie der Partikel ausgerichtet sind. Die gezielten Manipulationen werden
verwendet, um vorausgewihlte Partikel zu isolieren, modifizieren und transferieren. Da-
durch kénnen Partikel zu komplexeren photonischen Systemen kombiniert werden, welche
die Funktionalitéit der einzelnen Bestandteile {ibertreffen.

Der Hauptteil der Arbeit behandelt Experimente mit freischwebenden Partikeln in
linearen Paul-Fallen. Durch die rdumliche Isolation im elektrodynamischen Quadrupol-
feld konnen Partikel mit reduzierter Wechselwirkung untersucht werden. Spektroskopisch
werden unterschiedliche Nano- und Mikropartikel in der Falle anhand ihrer Fluoreszenz
oder des an ihnen gestreuten Lichts charakterisiert: optisch aktive Partikel (farbstoffdo-
tierte Polystyrol-Nanokiigelchen, Cluster aus Nanodiamanten mit Stickstoff-Fehlstellen-
Zentren, Cluster aus kolloidalen Quantenpunkten) sowie optische Resonatoren (plasmoni-
sche Silber-Nanodréhte, sphérische Siliziumdioxid-Mikroresonatoren). Es wird eine Metho-
de vorgestellt, mit der einzelne Partikel aus der Falle auf der Facette einer optischen Faser
abgelegt und anschlieBend mit einem Rasterkraftmikroskop ausgemessen werden kénnen.
Das Verfahren erlaubt auflerdem fragile photonische Strukturen gezielt zu funktionalisie-
ren, was mit der Ablage von sphérischen Mikroresonatoren und Quantenpunkten auf einem
optischen Fasertaper demonstriert wird. Eine Segmentierung der linearen Fallengeometrie
ermoglicht es, mehrere Teilchen entlang des eindimensionalen Fallenzentrums sowohl ge-
trennt voneinander zu halten als auch zu bewegen. Diese Fahigkeit ist die Grundlage fiir
eine weitere, neu entwickelte Methode zur Kombination von einzelnen Partikeln in der
Falle, die dazu genutzt wird, optisch aktive Partikel mit sphérischen Mikroresonatoren
zusammenzufiigen. Die sich daraus ergebenden Komposite bleiben stabil in der Falle und
zeigen elektromagnetische Kopplungseffekte.

In einem weiteren Teil der Arbeit wird eine Methode zur Manipulation der Geometrie
von plasmonischen Nanopartikeln vorgestellt. Dabei werden einzelne Goldkugeln auf ei-
nem Deckglas mit einem fokussierten Laserstrahl zum Schmelzen gebracht und verformt.
Durch die kontrollierte Verdnderung der Symmetrie lassen sich die lokalisierten Ober-
flichenplasmonen des Partikels gezielt beeinfluflen. Neben der optischen Spektroskopie
des Fluoreszenz- und des gestreuten WeiBllichts werden die Verdnderungen der Partikel
mit einem Rasterkraftmikroskop und einem Rasterelektronenmikroskop sichtbar gemacht.
Das Verfahren ist sowohl schrittweise durchfiithrbar als auch umkehrbar und ermdglicht
somit ein Feinabstimmen der Resonanzen eines plasmonischen Nanopartikels.
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1. Introduction

Particles with diameters between some nano- and a few micrometers are of great interest
in scientific research. Due to their small dimensions they can be used in applications with
size limitations; for example, small sensors can be brought close to different targets with
high spatial resolution [1] and nano-sized light sources can be integrated into complex
photonic systems [2]. Another aspect is that most nanoparticles show size-dependent
properties different from bulk material, like reduction of the melting point [3] and surface
tension [4] with decreasing diameter. Even more spectacular is the optical behavior of
some materials, when their particle dimensions are small enough. For example, colloidal
and nanocrystal semiconductor quantum dots behave like artificial atoms [5], and the
scattering and absorption cross sections of metal [6] as well as dielectric nanoparticles
[7] strongly depend on the wavelength. Quantum effects caused by electronic carrier
confinement influence the characteristic emission and absorption wavelengths of small
particles depending on the particle size and shape [5,8,9]. However, particles too large
to be directly affected by quantum effects also show remarkable size-dependent optical
properties. Spherical microparticles, for example, can be used as optical cavities that
confine light within a small mode volume, causing very high field intensities at the surface
[10].

The applicability of nano- and microparticles, especially in optics [11-13], ranges from
quantum optics [14-16] to technical applications [17-19] to biomedicine [20-23]. To name
just a few examples: optically active particles can be used as bright light [24,25] and
single photon sources [26-28], while optical nanoantennas [29,30], optical cavities [31] and
laser resonators [32] can be realized by particles with optical resonances. Furthermore,
both particle types can be applied as markers and labels [21,33], sensors [34-36] and in
combination with each other for enhanced light emission or coupling effects [37,38]. Even
optomechanical interactions can be studied with single nanoparticles [39,40].

These versatile uses are enabled by reliable fabrication techniques, like chemical syn-
thesis [41,42] of pure material or core-shell particles [43] from simple to complex geome-
tries [44], melting [45], lithography [46,47], milling [48,49] and laser ablation [50,51]. The
surface of most particles can also be functionalized, depending on the envisaged applica-
tion [52,53].

Single nano- and microparticles can be investigated by optical microscopy, but con-
ventional techniques give only little insight into structures smaller than half of the used
wavelength due to the diffraction limit [54]. Particle characterization with higher resolu-
tion can be achieved by using smaller wavelengths, available in X-ray [55] and electron
microscopes [56]. Additionally, scanning probe microscopes, like atomic force microscopes
(AFM) and near-field scanning optical microscopes (NSOM), offer high resolution together
with the possibility to manipulate the particles themselves [37]. In-situ manipulation of
single particles is favorable in many experiments, not only in terms of translation [57],
but also of specific particle properties, like controlled adjustment of the particle geometry
or composition. This allows for individual particle adjustments independent from their
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synthesis processes, for example to tune resonance properties [58-60)].

Two different approaches to manipulating individual nano- and microparticles are pur-
sued in this thesis. The major part of the work explores single particle levitation in a
linear Paul trap for optical spectroscopy and demonstrates new experimental methods in
the field of small particle handling, investigation and processing. In the second, minor
part, a new method is developed to tune the optical resonance of plasmonic nanoparticles
in-situ by a focused laser beam. Both topics are introduced in brief in the following para-
graphs.

Levitation of single nano- and mi-
croparticles in free space can be real-
ized by a variety of methods, which rely on
different interactions. For neutral particles
optical dipole traps are widely used, which - - te <@
can be realized by a strongly focused laser | | | | |
beam [61] or by standing waves in an opti-
cal cavity [62,63]. Acoustic traps can also be used to levitate larger neutral particles [64].

If the particles are charged, electric and magnetic fields can be used for trapping, which
generally enable stronger confinement. One approach is tracking of a single particle and
counteracting its motion with quasi-static electric potentials in order to stabilize it in a
so-called anti-Brownian electrophoretic (ABEL) trap [65]. More general methods avoid
feedback signals from the particle’s position in the first place and make use of static and dy-
namic fields. As a direct result of Maxwell’s equations, Earnshaw’s theorem [66] prohibits
three-dimensional trapping of charged particles with a single static electric or magnetic
field. The combination of both in a Penning trap is one solution to this problem, allowing
for particle confinement on circular trajectories [67]. Using time-dependent potentials is
another solution. In a Paul trap, charged particles can be confined in ac electric fields [68],
as done in this thesis. The importance of trapping methods for charged particles can be
seen from the vast number of different applications, and also from the Nobel prize in
physics awarded to Wolfgang Paul and Hans Georg Dehmelt, who shared one half of the
prize for the development of ion trapping methods in 1989 [69].

The regime of particle sizes that can be levitated in a Paul trap spans from single atomic
[70] and molecular ions [71] to macroscopic particles with sizes of several micrometers
[72,73]. Such traps are widely used for mass spectrometry [74], high resolution optical
spectroscopy [75-77], frequency standards [78-80] or as processor registers in experiments
aiming at the realization of a quantum computer [81-83]. They can also be helpful to
create idealized models for complex crystal behavior [84] or quantum simulators [85, 86].

Depending on the application, different Paul trap geometries are realized. Most common
are classical [68] and linear [87] geometries and variations thereof [74,88-90]. Simplified
electrode arrangements are developed [91], as well as multi-pole traps, to generate po-
tentials of higher order [92] than the typical quadrupole configuration. Also, specialized
geometries like surface electrode [93,94] or stylus traps [95] provide improved optical access
to the trapped particles.

In this thesis, linear Paul traps are used to isolate single nano- and microparticles in
free space. With the trap integrated in an optical microscope, confined particles are char-
acterized by fluorescence and scattering spectroscopy. Different optically active as well as
resonant particles are trapped and investigated individually. The usability and applicabil-




ity of a Paul trap for nanooptical experiments is demonstrated by the presented work and
even further improved by the development of new manipulation techniques for trapped
particles.

Localized surface plasmon polaritons in sin-
gle metal nanoparticles are observed as strong
resonances in absorption and scattering spectra.
Surface plasmon resonances are collective oscilla-
tions of the conduction band electrons, confined to
the dimensions of the specific nanoparticle, that are
excited by the incident light. Plasmonic behavior is
observable especially in the noble metals gold and
silver [96], but also in other materials [97,98]. Plas- 1

laser

monic nanoparticles are used for manifold applica-

tions, like sensing [20], photovoltaics [17], cataly-

sis [99], labeling [33], local heating [100] and various

medical applications [101]. On a single particle level, strong field enhancement on the
surface can be used for plasmon-enhanced single photon sources [29,102,103]. The ability
of plasmonic nanoparticles to act as optical antennas enables the concentration of light
into dimensions much smaller than the diffraction limit [104].

The resonances of localized surface plasmons are determined not solely by the electronic
properties of the particle and the surrounding medium, but also by the particle size and
shape [9]. Each of these parameters can be adjusted individually, in order to tune a
plasmonic particle’s resonance frequencies. Typically, the particle properties are set during
synthesis and only the environment may be changed afterwards [105], but methods for
subsequent particle modification are also known [59, 60].

In this thesis, a new tuning method is developed aiming at in-situ modification of the
particle shape. The all-optical method is demonstrated on a single gold nanoparticle by
shifting its plasmon resonance in accordance with the geometry change in a controlled way.
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The different aspects of individual particle characterization and manipulation investi-
gated in this thesis are presented in the following chapters:

In chapter 2 the interaction of light and matter with a focus on different nano- and mi-
crosized particles is theoretically described. Spherical microresonators and optical nanoan-
tennas are introduced as well as optically active emitters, like nitrogen vacancy defect
centers in diamond crystals and colloidal quantum dots.

Most of the particles are investigated and manipulated in a linear Paul trap. Its working
principles are treated in chapter 3.

Two different linear Paul traps are constructed, which are described in chapter 4. The
electrical supply of the traps is explained, including the developed high-voltage amplifiers,
followed by a detailed characterization of the homemade optical microscope setup, used
for particle observation and investigation. The particles are charged and injected into the
trap by electrospray ionization, which is comprehensively introduced at the end of the
chapter.

In chapter 5 the experiments performed with the trap setup are presented. Various
particles are investigated, like diamond particles with nitrogen vacancy defect centers,
silver nanowires, silica microspheres, polystyrene beads containing organic emitters, and
colloidal quantum dots. In addition, different manipulation techniques are developed, en-
abling individual assembly of complex particle systems and particle deposition on other
photonic structures.

A completely different approach for the manipulation of individual plasmonic nanopar-
ticles is demonstrated in chapter 6. The symmetry of a single gold nanosphere on a glass
coverslip is changed by laser-induced melting and shaping, by which the particle’s plasmon
resonance is tuned in a controlled way.

The results of this thesis are summarized in chapter 7. Furthermore, a brief outlook
is given for on-going and possible future developments and applications.



2. Interaction of Light and Matter

The diversity of nano- and microparticles investigated in this work requires a treatment
of electrodynamics in matter in combination with an explanation of different material
properties. This chapter presents the basic concepts. It starts with a classical approach
to electrodynamics via the Maxwell equations. The solution of the wave equations leads
to the formalism of Mie scattering, that allows for analysis of the scattering behavior
of small spheres. The scattering resonances of dielectric microspheres are explained by
their natural modes. For metal particles, solid state theory has to be involved to explain
the optical characteristics using the material parameters. The chapter ends with a short
introduction to the fluorescent emitters involved in this work, which cannot be covered by
classical electrodynamics. The basic introductions in this chapter follow [106-108].

2.1. Analytical Description

Classical electrodynamics can be used to explain the propagation and interaction of elec-
tromagnetic fields. The Maxwell equations form the basis of this treatment. The material
properties enter as input parameters.

2.1.1. Maxwell Equations in Matter

The Maxwell equations in matter are

V-D =p, (2.1)
0B
VxE=-2, (2.2)
V.B=0, (2.3)
oD

They describe the electric field E, the magnetic induction B as well as the electric dis-
placement D and the magnetic field H. These auxiliary fields are defined by:

D=¢E+P, (2.5)
1

H=—B-M, (2.6)
Ko

with the electric polarization P and the magnetization M. The constants g and pg are
the permittivity and permeability of free space, respectively. The charge density p and
the current density J are related to the free charges of the medium. The macroscopic
Maxwell equations (2.1) to (2.4) need supplementary constitutive relations to specify the
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fields. For a linear, homogeneous and isotropic material they can be written as

J =0E, (2.7)
B =uH,
P = ¢oxE.

The conductivity o, the permeability p and the electric susceptibility x are frequency-
dependent phenomenological coefficients that characterize the respective medium.
Typically, the fields are time-harmonic and given by

E(r,t) = Eo(r)e ™. (2.10)

Eg is the complex amplitude, which may depend on position, and w is the angular fre-
quency. The Maxwell equations (2.1) to (2.4) together with the constitutive relations
(equations (2.7) to (2.9)) change to

V. (¢E) =0, (2.11)
V x E = iwuH, (2.12)
V-H=0, (2.13)
V x H = —iweE, (2.14)

with the complex permittivity
Ny
8260(1—|—X)—|—Z;. (2.15)
The electric field is divergence free unless € = 0. In this case, the electric field in the
medium is no longer transverse but rather longitudinal.

2.1.2. Wave Equations

The Maxwell equations (2.11) to (2.14) lead to the vector wave equations in Coulomb

gauge, in the form of the Helmholtz equation, which have to be satisfied by each physical

time-harmonic electro-magnetic field in a linear, homogeneous and isotropic medium:
V2E + k*E =0, (2.16)
V*H + k*H = 0, (2.17)

with k& = y/w2eu. A set of linearly independent solutions to the Maxwell and the wave
equations is

M =V x (r)), (2.18)
N:sz. (2.19)

The constant vector r is arbitrary and can be chosen according to the individual problem.
The scalar function v is the generating function for the vector harmonics M and N. With
this set, the problem of finding solutions to the vector wave equations (2.16) and (2.17)
can be reduced to finding a solution to the scalar wave equation

V) + k2 = 0. (2.20)



2.1. Analytical Description

For the spherical-symmetric problem of scattering by a sphere the scalar wave equation
can be transformed to spherical coordinates:

10 [ 00 1 0 (. o 1 % 5
o (75) o (M055) * g 70 €20

By separation of variables one finds solutions to the spherical scalar wave equation

Yemi = cos (me)P" (cos 0)z(kr), (2.22)
Yomi = sin (me)P" (cos 0)z(kr), (2.23)

that generate the vector harmonics by equations (2.18) and (2.19). The subscripts e and
o label linearly-independent even and odd modes, respectively. The functions P;™(cos )
are the associated Legendre functions of the first kind with positive integer values for the
degree | and order m > [. The function z;(p) with p = kr stands for a spherical Bessel
function of the first (j;) or second (y;) kind, related to the ordinary Bessel functions of the
first (J;) and the second (Y}) kind by

Jip) = %Jl+%(p), (2.24)
yi(p) = %Yl%(p)- (2.25)

Any combination of these can also be used for z;(kr), like the spherical Bessel functions
of the third kind, called spherical Hankel functions

The functions in equations (2.22) and (2.23) together form a complete set. Thus, any
function satisfying equation (2.21) can be expanded as an infinite series in these functions.
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The generated vector spherical harmonics are

M = ™ in (me@)P" (cos 0)z(p)éy

sin ¢
dP™(cos 0 .
— co8 (mgzb)lc(w)zl(p)e¢, (2.28)
m " )
Mo = g <% (me@)P" (cos 0)z(p)éy
. dP™(cos 6 .
— sin (m¢)l(§l0)zl(p)e¢, (2.29)

Ne = Zl(pp) cos (m)l(l + 1) P™(cos )&,
dP™(cosf) 1 d

+cos () T o e
Pm 01 d
i ) TS0 (2.30)

Nomi = Z’(pp) sin (me)l(1 + 1) P (cos 0)&,
dP"(cosf) 1 d

+sin (mg) ——7— p%[pZz(p)]ée
P™ 0)1 d
+mcos (mo) o 2o pe (231)

Now, an electromagnetic field can be expanded in an infinite series of vector spherical
harmonics. The electric field E is obtained from

oo 00
E= Z Z (BemlMeml + BomlMoml + AemlNeml + AomlNoml> ) (232)

m=0Il=m

with the associated magnetic field, using equation (2.32) in equation (2.12),

k

0o 00
m Z Z (BemlNeml + BomlNoml + AemlMeml + AomlMoml) . (233)

m=0[=m

H:

The expansion coefficients Ae¢pmi, Aomi, Bemi and B,y are calculated depending on the
actual field. Two different types of modes exist for each [. If the coefficients A, and
Ay vanish, the generated E field has no radial field components, and its modes are
called transverse electric (TE). In contrast, if all Be,, and B, are zero, no radial field

components in the H field can be found, and its modes are called transverse magnetic
(TM).

2.1.3. Mie Theory

The scattering of light by small particles was first described theoretically by Lorenz Mie
in 1908 [109]. In Mie theory, the problem of scattering by a spherical particle is solved by
expanding the incident and the scattered field as well as the internal field of the sphere in
vector spherical harmonics, as shown before in equations (2.32) and (2.33). If the incident
wave is a plane wave, almost all expansion coefficients vanish. Only A.q; and B,; remain.



2.1. Analytical Description

The expansions of the internal field of the sphere and the scattered field can be simplified
in a similar way. The fields are related through the boundary conditions at the surface of
the sphere, which require the tangential components of E and H to be continuous:

(Ei+E, —E,) x & = (H; + H, — H,) x &, = 0. (2.34)

The subscripts 4, s and e stand for the incident field, the field inside the sphere and the
scattered field, respectively. The expansion coefficients of the scattered field are identified
as the scattering coefficients a; and b; and can be written as

paN?ji(Nx) [wjl( )" = pagi(@) [Nzji(Na))'
peN2ji(Na)[ehy) (2)) = juhi () [Naji(Na))
pji(Nx) [iﬂjl( )] = poji(z)[Nzji(Nz))'
(N e @) — pehfV (@) [Naji(Na))
The differentiation indicated by the prime has to be done with respect to the argument
of the respective spherical Bessel or Hankel function. If the denominator of a particular
coefficient becomes zero, the corresponding mode is dominant in the scattering field. The

frequencies of these scattering resonances are called natural frequencies of the sphere and
can be identified by solving the following equations for the a; modes

(2.35)

(2.36)

whi @) _ mNwj(Na))
hY () paN2j(Nz)

(2.37)

and the b; modes

whi (@) _ palNajy(Na))
h () paji(Nx)

(2.38)

The relative refractive index N = Z—; is the ratio between the refractive indices of the

particle n; and the medium ns. The same subscripts are used for the permeability . The
size parameter

(2.39)

is a dimensionless scattering parameter, combining the vacuum wavelength A and the
radius of the sphere R. Knowledge of the scattering coeflicients allows for calculation of
the scattering and extinction cross sections

27
Csca = k‘Q (QZ + 1)(‘@[’ + ’bl’ ) (240)
=1
Clogt = Z 2l 4+ 1) Re{a; + b}, (2.41)
=1
as well as the absorption cross section
Cabs - Ce:ct - Csca~ (242)

The revealed degeneracy in m is only valid for perfect spherical particles. If the particle’s
symmetry is broken, as is the case for a spheroidal particle geometry, the degeneracy is
lifted and different frequencies for the split modes can be observed.
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2.2. Dielectric Microspheres

Small dielectric particles with spherical or spheroidal geometry are able to confine light by
internal guiding of specific modes. They act as optical resonators which support so-called
whispering-gallery modes (WGM). In the following subsection WGM are explained with
the previously obtained results from Mie theory.

2.2.1. Whispering-Gallery Modes

The term whispering-gallery mode originates from the acoustic effect of sound waves trav-
eling along round galleries of dome-like buildings. Whispers spoken into the gallery are
audible all around the gallery wall, while they are hardly noticeable when they are directed
straight to the listener. This effect was explained in detail by Lord Rayleigh for the case
of St. Paul’s Cathedral with reflection of sound waves at the concave walls [110] and a
mode structure due to resonantly interfering waves. WGM are also known for other wave
types, like matter waves [111] and electromagnetic waves [10]. Most prominent for the
latter case are light waves, guided inside a round dielectric structure with refractive index
n1, the resonator, surrounded by a medium with a lower index of refraction ny < ny. In
the regime of geometrical optics this can be explained by a ray of light which is reflected
at the interface between the two materials, as shown in figure 2.1. The ray is incident on
the interface at an angle «, that fulfills the criterion for total internal reflection

a > arcsin <77,2>’ (2.43)

ni

and thus, is completely reflected and not refracted out of the resonator. For a circular
structure, the light can be guided all around the interface in this way. After each round
trip, the guided light interferes constructively with the primary beam only when their
phases vary by an integer multiple of 2. The result is a standing wave inside the resonator.
The resonance condition depends on the resonator’s circumference and the wavelength of
the light, in addition to the dielectric properties on both sides of the interface. In analogy
to the acoustic effect, these resonances are also called WGM.

The ray-optics picture is appropriate for structures much larger than the wavelength of
the guided light. For smaller resonators, a wave-optics picture has to be used to determine

Figure 2.1.: Whispering-gallery modes (WGM) explained with ray optics. A light ray is com-
pletely reflected due to total internal reflection at the interface between the dielectric resonator
with refractive index ny and the surrounding medium with no < ny for sufficiently large incidence
angles a. If the guided light is in phase with the primary beam after one round trip, standing
resonant waves can be observed inside the resonator.
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2.2. Dielectric Microspheres

the modes. For the case of spherical resonators, this has already been done in the previous
subsection by solving the scattering problem of a sphere. The normal or eigenmodes of the
sphere are determined by the solutions of equations (2.37) and (2.38), which are labeled
by I, m and the number of the root of the Bessel function n. Each normal mode of the
sphere is generated by one of the vector spherical harmonics M or N (see section 2.1.2)
and can be classified as TE or TM according to the radial components of the modes. In the
normalized intensity distributions of the electric field shown in figure 2.2, the TE mode of
a silica microsphere with a diameter of 5 pm in air with n = 1 and m = [ = 31 is compared
to the TM mode with the same mode numbers. The modes are calculated using the vector
spherical harmonics in equations (2.28) to (2.31) with respect to the boundary conditions
in equation (2.34). The material model for the refractive index including dispersion is given
in appendix A.1. For the field inside the sphere the spherical Bessel function of the first
kind j;(k1r) is used for z;(kr) to fulfill the condition of a finite field at the origin. Outside
the sphere the spherical Hankel function hl(l)(kgr) is used (compare to equations (2.24)
and (2.26)). The corresponding magnetic field distributions are not shown, but can easily
be obtained in the same way.

Two higher TE modes are shown in figure 2.3. The images illustrate the influence of the
mode numbers n, [ and m: the radial mode number n gives the number of maxima in the
radial direction, while / and m are the angular mode numbers which predict 2m maxima
along the equator (zy-plane) and [ —m + 1 maxima along the meridians (e.g. zz-plane)
of the sphere.

11
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Figure 2.2.: Normalized electric field intensity distributions of TE and TM modes with n =
1, m = [ = 31 inside a 5pm spherical silica microresonator in air. The (a) TE and (b) TM
mode is calculated in the xy-plane (§ = 7). (c) and (d) show the same modes in the xz-plane
(¢ = 0), respectively. The intensity of the electric field is discontinuous at the interface (black
circles) between sphere and surrounding medium for the TM mode due to the non-vanishing radial
component of the electric field.
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Figure 2.3.: Normalized electric field intensity distributions of TE modes with higher mode num-
bers inside a 5pm spherical silica microresonator in air. Modes in the zy-plane with (a) n = 2,
m=1=27and (b) n =3, m =18, = 22. (c¢) and (d) show the same modes in the zz-plane
(¢ = 0), respectively. In the radial direction n maxima can be observed. The number of maxima
along the equator (zy-plane) is given by 2m and along a meridian (xzz-plane) by I —m + 1.
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Figure 2.4.: Scattering cross section calculated from 600 nm to 700 nm of a 5 um silica sphere in
air showing resonances at the spectral positions of the sphere’s natural modes.

The scattering cross section of a 5 pm silica sphere in air in the spectral range of 600 nm
to 700nm calculated with equation (2.40) can be seen in figure 2.4. One can clearly
distinguish between different sharp resonances, representing different normal TE and TM
modes of the sphere. Resonances with larger radial mode numbers n show peaks with
larger widths due to the lower confinement strength of the optical modes. From figures 2.2
and 2.3, it can be seen that the electromagnetic field is guided in the sphere, but a small
part protrudes into the medium as an evanescent field. With increasing radial mode
number n, the radial distribution of the field expands in the two radial directions: towards
the center of the sphere as well as into the medium. As a result, modes with higher n
show lower field intensities and the losses also rise.

2.2.2. Spherical Microresonators

Due to their ability to confine light, dielectric microspheres are optical resonators, enabling
confinement of light and intensity enhancement. The amount of energy that can be stored
in a particular mode of a resonator is specified by the quality factor ), defined as

energy stored

Q=27 x . (2.44)
energy loss per cycle
The quality factor is related to the photon storage time 7 at the frequency 1y by
Yo Ao
Q TVT Av AN ) ( )

which allows ) to also be defined by the linewidth of the resonance Avr. The same
can be done in terms of the wavelength A. Thus, for narrow resonance linewidths, high
quality factors are needed. The quality factor is limited by different types of losses which
contribute individually:

LS SRS B S
Q Qmat qu'r Qrad Qcou ‘

Qmat is related to absorption and scattering losses in the resonator material. Losses due
the roughness and contamination of the surface contribute by Qg.. Radiation losses Q;qq

(2.46)
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2.3. Plasmonic Nanoparticles

are caused by the curvature of the spherical microresonator and .., covers losses related
to electromagnetic coupling to other structures. Provided that the resonator material itself
has negligible loss, it is the surface quality that limits the quality factor of resonators that
are sufficiently larger than the resonance wavelength. However, for smaller resonators, like
the microspheres used in this work, radiation losses cannot be neglected either.

In addition to the quality factor, further parameters are used to characterize optical
resonators. The free spectral range Apgr describes the spectral spacing of the resonator
modes, which is related to the linewidth AX by the finesse

AFSR AFSR
a AN @ Ao (2.47)

The finesse is a measure of the number of photon round-trips during their lifetime in the
resonator. Furthermore, the volume of the optical modes in the resonator is important, as
a small mode volume enables high field intensities. The mode volume can be calculated
from the mode’s electric field E by [112]

[ e(x)[E(r)[Pd’r
e(rar) | E(rar)?’

vmode = (248)

with rj; being the point of maximum field intensity.
High quality factors and small mode volumes are important for cavity quantum electro-
dynamic (CQED) experiments [10], which however are not of interest in this thesis.

2.3. Plasmonic Nanoparticles

Metal nanoparticles and nanowires are able to confine electromagnetic fields to dimen-
sions much smaller than the vacuum wavelength. Their outstanding optical behavior is
explained by surface plasmon polaritons (SPPs) and localized surface plasmons (LSPs),
respectively, which are described in this section, starting with a short introduction to the
optical properties of metals.

2.3.1. Dielectric Function of Metals

The dielectric function of metals can be described using the Drude model. The basis of
this microscopic model is the assumption of a free electron gas for the conduction band
electrons, which can be excited by an electric field to perform collective oscillations.

The equation of motion for a single electron with electric charge e and effective mass

m™* in an electric field E can be written as

m*x + m*yx = —eE, (2.49)

where the constant v accounts for the damping of the electron oscillations. The solution
of the differential equation for a harmonic time-dependent driving field E(t) = Ege~™? is
obtained from

(&

x(t) = E(t). (2.50)

m*(w? + iyw)
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2. Interaction of Light and Matter

When the whole electron gas with electron density n is displaced by x from its resting
position, the polarization is given by

P(t) = —nex (2.51)

and the dielectric displacement can be written as

D(t) = “y E(!) (2.52)
W tiyw F0EE), '
with the plasma frequency
2
9  me
= _ 2.53
wp 50"'71* ( )

Comparison to equation (2.5) results in the complex dielectric function of the Drude model
z
gw)=1- w(w+i7) (2.54)
or, separated into real and imaginary components, € = €1 + ie2 with

2

P
glw)=1- —5—— ol (2.55)
2
P
W) = ————r. 2.
82( ) ( 2 ’72) ( 56)

For large frequencies, equation (2.54) becomes predominantly real with the simplified
expression

w2
ew)=1- w—’; (2.57)

which results in the dispersion relation for transverse electromagnetic waves

w? = w2 + k*c? (2.58)
1
with ¢? = : (2.59)
o0

This condition can only be fulfilled when the frequency is larger than the plasma frequency
(w > wp). For smaller frequencies (w < wy) light propagation in the metal is forbidden,
since transverse electomagnetic waves are not allowed: the light is absorbed or reflected
depending on the particular damping constant. In the case of w < =, the metal is strongly
absorbing with the absorption coefficient

2w§w
a= S (2.60)

In this case electromagnetic fields fall off with e~5 inside the metal (Beer-Lambert law),

giving the penetration depth 6 = 2, also called skin depth in metals.

[0}
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2.3. Plasmonic Nanoparticles

However, at the plasma frequency w, and with negligible damping the dielectric function
becomes zero, and thus D = 0, indicating a longitudinal oscillation mode of the free
electron gas (compare to equation (2.11)). With equation (2.5), it turns out that the
electric field is purely depolarizing in this case, because

E=—— 2.61
= (261)

which can be understood as a collective displacement of the free electrons against the
fixed, positively charged ion cores. The shifted charges cause an electric field that exerts a
restoring force on them. The plasma frequency is the natural frequency of the undisturbed
oscillation of the free electrons in the metal. The oscillations are called volume plasmons,
if no surface effects are involved.

For noble metals, the Drude model needs an extension due to the highly polarized
background of ion cores and bound electrons close to the Fermi surface, leading to the
modified dielectric function

w2

e(w) = €00 — ot (2.62)

The additional dielectric term €5, can be assumed constant in the visible regime and is
typically in the range of 1 to 10 [107].

Another adjustment is necessary for real metals, where the Drude model fails to describe
the dielectric function at higher frequency accurately due to interband transitions. For
gold, these excitations of electrons from filled bands below the Fermi surface to higher
bands start at visible frequencies. They are responsible for the deviations from the the-
oretical Drude curve shown in figure 2.5. The interband transitions can be described
as bound electrons, taken into account by the addition of resonance frequencies wy in
equation (2.49):

m*% +m*yx + m*wix = —€E. (2.63)

The solution extends the free electron term of the Drude model by using additional Lorentz
oscillators to the dielectric function of the Drude-Lorentz model

Ae; 02
W)= = S D) w+WD ZQQ—ww—HI‘)

(2.64)

In addition to the plasma frequency wp and the damping rate vp of the Drude model,
Lorentz terms with resonance frequencies €); and damping rates I'; of the individual os-
cillators are included with weighting factors Ae;. With the extended model it is possible
to get an appropriate analytical expression for the dielectric function, as shown for gold
in figure 2.5 in the range of 1eV to 2.5eV corresponding to wavelengths between 500 nm
and 1200 nm. While the Drude model alone gives adequate values only for the real part of
the dielectric function, adding one Lorentz oscillator term is sufficient to also describe the
imaginary part. For larger energies, more oscillator terms are needed (see appendix A.2
for more details).
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Figure 2.5.: Theoretical dielectric functions of gold compared to experimental data (blue crosses)
from Johnson and Christy [113]. Their (a) real and (b) imaginary parts are calculated with Drude
(red curves) and Drude-Lorentz theory with one Lorentz term (green curves). The used values are
given in appendix A.2.

2.3.2. Surface Plasmon Polaritons

At the interface between a metal and a dielectric, electromagnetic surface waves can be
excited by coupling electromagnetic fields to the free electron gas of the metal. Such surface
plasmon polaritons (SPPs) propagate along the interface, as indicated in figure 2.6(a).
Normal to the interface, the field is evanescent with a much shorter penetration depth in
the metal than in the dielectric.

The propagating SPPs are assumed to be time-harmonic and thus have to fulfill the
vector wave equations (2.16) and (2.17). Without loss of generality, the geometry is
chosen as illustrated in figure 2.6(a), with a SPP propagating in x and ¢ only varying in
the z direction. The ansatz for the electric field

E(r) = E(z)e?, (2.65)

where 8 = k, is the propagation constant of the wave vector k with

K=kl +k + k2, (2.66)
=B+ k2, (2.67)
= ke, (2.68)

leads to a wave equation for guided electromagnetic modes

O2E(2)

A similar equation is found analogously for the magnetic field H. By evaluating equa-
tions (2.12) and (2.14), two sets of equations can be derived, which differ by the polar-
ization properties of the propagating waves. The field components of transverse magnetic
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Figure 2.6.: Surface plasmon polariton (SPP) at a planar interface between a dielectric and a
metal. (a) Charge oscillations in the metal propagate along the surface. The associated evanescent
electromagnetic field decays much faster in the metal than in the dielectric. (b) Dispersion relations
in the free electron gas of a Drude metal without damping at an interface to air. The frequency w
and the propagation constant § are normalized to the plasma frequency w,. For 8 the real (blue
curve) and the imaginary part (red curve) are shown from the SPP dispersion relation in addition
to that from the transverse electromagnetic waves (green curve). SP: surface plasmon, VP: volume
plasmon.

(TM) modes are described by
i OH,

E,=— , 2.70
wpege 0z ( )
B
E,=— H,, 2.71
wiege Y (2.71)
9%’H
8; + (ke — B*)H, = 0, (2.72)

while E,, H, and H, vanish. For transverse electric (TE) modes the opposite is true and
only the following components remain:

i OF
Hy=—— Y 2.73
wpo 0z ( )
p
H,=——F, 2.74
o Y (2.74)
O*E
8721/ + (kgE — 52)Ey =0. (275)

For the simple geometry of a planar interface at z = 0 between a non-absorbing dielectric
with positive real dielectric constant 4 and a metal with negative real dielectric function
em(w), the solutions of the TM modes (equations (2.70) to (2.72)) for the dielectric half
space (z > 0) are

H,(z) = Age'Pr=F=a2), (2.76)
1 .
E,(z) =iAq k, ge'\Prh=.a2) (2.77)
WENEY
E.(2) = _Adiei(ﬁx—kz,dz), (2.78)
WENEY
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and for the metal half space (z < 0)

Hy(z) = ApelPrthzm) (2.79)
1 .
E(2) = —iAp, ky el (Brthzmz) (2.80)
WEQEm
/3 .
E.(2) = — Ay, ———¢!(Betham2) 2.81
(2) P (2.81)

The continuity of Hy, and ¢E, at the interface yields

A = Ag, (2.82)
kz d €d
= = 2.83
kz,m Em ( )

The z components of the wave vector in the dielectric (k,4) and the metal (k,,,) are
obtained from equations (2.67) and (2.68), that combine together with equation (2.83) to
obtain the expressions

2 2 €mé&d
=k , 2.84
b Osm + &4 ( )
2 2 5?1
kz =k , 2.85
z,d OEm + g4 ( )

62

—m (2.86)
Em + Ed

2 _ 1.2
kz7m - k()

Equation (2.84) is the dispersion relation of a SPP propagating at the planar interface
between the dielectric and the metal. For ;5 > 0 such a bound propagating mode requires
Re{en} < 0 and |ey,| > &4 due to equations (2.83) and (2.84) for a real propagation
constant 3. The reciprocal values of the pure imaginary z components k, 4 and k. ,, of

the wave vector \k% and ﬁ define the evanescent decay length of the fields in the z
z.m 2,d

direction in the metal and the dielectric, respectively.
In analogy, solutions for the TE modes (equations (2.73) to (2.75)) are found similarly
to equations (2.76) to (2.81), but with the resulting condition

Ap(kzm +k2q) =0, (2.87)

that only has the trivial solution A3 = A,, = 0. Thus, TE-polarized surface modes do not
exist, and SPPs are always TM polarized.

In figure 2.6(b) the dispersion relation of a SPP from equation (2.84) is plotted for
a planar interface between air and a Drude metal without damping (compare to equa-
tion (2.57)) (blue curve). For small values of /5 it resembles the light line with dispersion
relation w = ¢f, while for large values w approaches the surface plasmon (SP) frequency

wgp = \/;‘%d. At this frequency e, — —e4 and the surface plasmon mode becomes elec-

trostatic with a vanishing group velocity, due to the infinite propagation factor 8 — co. In
contrast to the bound modes, radiative transverse electromagnetic (TEM) modes can be
observed for w > wj, (green curve) indicated by the dispersion relation in equation (2.58).
Between the two regimes, any mode propagation is forbidden, as the propagation constant
is completely imaginary (red curve).
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2.3. Plasmonic Nanoparticles

The fact that the SPP dispersion curve does not cross the light line implies that SPPs
cannot couple directly to photons, because this would violate the conservation of energy
or momentum. The SPP has a shorter wavelength than the free wave propagating in
the dielectric. Thus, different excitation schemes have to be involved, like the creation of
evanescent fields at the surface of a prism by total internal reflection, in order to match
the wave vectors in the metal and the dielectric [114,115]. Another method makes use of
light scattering into the SPP mode at discontinuities of the plasmonic waveguide. Rough
surfaces or the ends of a nanofiber are sufficient for this [116].

Once excited a SPP propagates along the interface. For real metals the imaginary part
of &, (w) cannot be neglected, in general, and the propagating SPP is affected by damping
due to Ohmic losses, interband transitions and free electron interactions. The imaginary
part of 5 determines the attenuation through the surface plasmon propagation length

1

b= Stmiay

(2.88)
as the length at which the SPP intensity decays by é

2.3.3. Localized Surface Plasmons

Plasmonic nanoparticles also support surface plasmons, but instead of propagating they
are localized to the small particle dimensions in all directions. The resonances of such
localized surface plasmons (LSPs) are not only determined by the dielectric function of
the particle material and the surrounding medium, but also by the size and the shape of
the particle. In contrast to SPPs, matching of the wave vectors needs not be considered.
As the nanoparticle is discontinuous in every direction, LSPs can be excited by direct
illumination.

For particle sizes much smaller than the excitation wavelength and the skin depth, the
quasi-static approximation can be used for a descriptive explanation. In this case, the
exciting field is nearly constant over the whole particle as illustrated in figure 2.7. For a
spherical particle with radius a in a static homogeneous electric field Eg, the behavior of
such a small particle can be described by an ideal dipole with induced dipole moment

P = cocqcEq, (2.89)

dielectric

E-field

Figure 2.7.: Sketch of a localized surface plasmon (LSP).
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Figure 2.8.: Normalized (a) scattering and (b) absorption cross sections of spherical gold nanopar-
ticles in air with different diameters calculated with Mie theory.

and polarizability

3 &m —&d

a =4ma ,
Em + 24

(2.90)
with the permittivities €, and ¢4 of the metal particle and the surrounding dielectric.
Changing the incident static electric field to a time-varying plane wave, the dipole mo-
ment oscillates with the field frequency, and thus radiates an electric field itself, which
explains the scattering. The cross sections for scattering and absorption in the quasi-
static description can be derived as

K,
- 2.91
Csca 67]"@’ ) ( 9 )
Cups = kIm{a}. (2.92)

For the minimum of ¢, + 2¢4 the polarizability and also the scattering cross sections are
maximum. But this is only valid for small particles. When the exciting field is not con-
stant over the whole particle, the quasi-static approximation is no longer justified and a
comprehensive electrodynamic description (introduced in section 2.1) is necessary. Tak-
ing the particle size into account, the spectral resonance position of a LSP of a spherical
particle can be obtained using Mie theory (compare to section 2.1.3). In figure 2.8 normal-
ized scattering and absorption cross sections for spherical gold particles in air calculated
with equations (2.40) to (2.42) are shown. The size-dependence of the plasmon resonance
can clearly be observed in the scattering cross section, which approaches the limit of the
quasi-static approximation for small particles. In contrast, the spectral position of the
maximum absorption cross section is less influenced by the particle size.

In analogy to the WGM of a dielectric sphere, as shown in figure 2.2, the LSP modes of
a spherical plasmonic nanoparticle are the normal modes of the metal sphere. In figure 2.9
the TM mode of a gold sphere with a diameter of 80 nm in air is shown with n = 1 and
I = m = 1. The field inside the sphere is non-zero and the electric field intensity is
maximum at two opposing points on the surface of the sphere. Thus, this mode could be
excited only by an electric field polarized in the x direction.

It is worth noting that for very small particles the permittivity is also known to be size-
dependent, due to increased surface effects [117]. This dependence has to be taken into
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Figure 2.9.: Normalized electric field intensity distribution of the TM mode with n = 1 and
m =1=1 of a LSP in a gold nanoparticle with a diameter of 80 nm in air.

account for gold nanoparticles with radii up to a few nanometers. However, in this work
only significantly larger gold nanoparticles are used, whose dielectric function is considered
independent of particle size.

Elliptical particles

The description of non-spherical particles is more complex, because different angles of
the incident electric field result in different scattering and absorption cross sections. A
simple non-spherical particle geometry is an ellipsoid with semi-axes a,b and ¢, as shown
in figure 2.10(a). For this geometry the polarizability in the quasi-static approximation
changes to

Em — &d
3eq +3L; (em —€q)’

«; = 4mabe

(2.93)

(b)
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Figure 2.10.: Prolate spheroidal particle with semi-axes ¢ and b = ¢ < a. (a) Geometry of the
particle. (b) Geometrical factors L, and L, = L. as a function of particle eccentricity.
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Figure 2.11.: Normalized (a) scattering and (b) absorption cross sections of prolate gold spheroids
in air calculated within the quasi-static approximation. Calculations are done for particles with the
same volume but different aspect ratios of the semi-axes a > b = ¢. The solid and the dashed lines
show individually normalized cross sections for the long and the short particle axes, respectively.

if the polarization of the incident electric field is parallel to one of the three principal axes
of the particle. The geometrical factors L; (i = a,b,c) have to fulfill L, + Ly + L. = 1,
leaving only two of them independent.

For a prolate spheroid (a > b = ¢) the geometry factors can be easily obtained from

1—¢€? 1 1+e
L, = -1+ —1 2.94
“ e? < +2en1—e>’ (2:94)
1
Ly=Le= 5 (1—Ld), (2.95)

with the eccentricity

b2

In figure 2.10(b) the two independent geometrical factors for a prolate spheroid are shown
as function of eccentricity. For e = 0, the geometrical factors are equal: L, = Ly = L. = %,
and the polarizability (equation (2.93)) simplifies to that of a sphere (equation (2.90)).

Then, the scattering and absorption cross sections for a prolate spheroid can be cal-
culated in the quasi-static approximation with equations (2.91) to (2.93). Figure 2.11
depicts the scattering cross sections for small prolate gold spheroids in air. Keeping the
volume constant, the individually normalized cross sections show a red-shift for the elon-
gated (solid lines) and a blue-shift for the compressed (dashed lines) particle axes with
increasing aspect ratio.

As for spherical particles, the quasi-static approximation only holds true for small par-
ticles. However, a similar dependence of the scattering and absorption cross sections on
the aspect ratio is known for larger particles [9].

Damping

From figures 2.8 and 2.11 it can be seen that not only the spectral positions of the max-
ima, but also the linewidths of the plasmonic resonances, differ for different particle sizes
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and shapes. In general, the resonance peaks are broadened with the particle extension
perpendicular to the plasmon oscillation direction. The resonance linewidths of spherical
particles increase with diameter and are broader than those of prolate spheroidal particles
with the same spectral resonance position. This behavior is explained by damping of the
plasmon oscillations, which decay radiatively and non-radiatively. The radiative decay
enables the possibility to optically detect the plasmon resonance and increases with par-
ticle size. The non-radiative decay is dominated by excitations of electron-hole pairs and
scattering of electrons by other electrons, defects or phonons. For particles smaller than
the mean free electron path, scattering at the particle surface also influences the plasmon
oscillations. In the case of gold, this is significant only for particles smaller than 20 nm
and thus does not affect the results in this work.

2.4. Fluorescent Emitters

In addition to particles with optical resonances, optically active nano- and microparticles
are also used in this thesis, including polystyrene beads doped with organic molecules,
defect centers in nanodiamonds and colloidal quantum dots, which are presented briefly
in this section after a short introduction to fluorescence. The fluorescent properties of the
emitters themselves are not a topic of this thesis. Sufficient literature for reference can be
found in sections 2.4.1 to 2.4.4.

2.4.1. Fluorescence

Fluorescence is the immediate and spontaneous emission of light from a material that has
been excited by electromagnetic radiation. For this process, which is known for many
different gaseous, liquid and solid materials, an electron of an atom or a molecule is lifted
to an excited energy level by absorption of a single photon. When the excited electron
relaxes radiatively to the ground state a fluorescence photon is emitted. Usually, the
emitted photons have a lower energy, and thus a higher wavelength, than the absorbed
photons [118]. This behavior is known as the Stokes shift and can mainly be explained
by non-radiative transitions between vibrational energy levels. However, the opposite
effect can also occur, where the emitted photon has a higher energy than the absorbed
photon, due to absorption of vibrational energy from the host or due to multi-photon
absorption [119,120]. The former is known as the anti-Stokes shift.

2.4.2. Dye-Doped Polystyrene Beads

Polystyrene beads are commercially available in a large range of sizes, from a few tens of
nanometers to a few hundreds of micrometers (for example Invitrogen, FluoSpheres). In
figure 2.12(a) polystyrene beads with an average diameter of 1 pm are shown. The beads
can be doped with a manifold of different fluorophores [121, 122], making them small
versatile light sources with adjustable emission spectra. A typical fluorescence emission
spectrum of polystyrene beads doped with a red dye can be seen in figure 2.12(b). Unfor-
tunately, fluorophore molecules suffer from photo-bleaching, reducing the usability of such
particles for long-time experiments, especially when using higher excitation intensities.
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Figure 2.12.: Dye-doped polystyrene beads. (a) Bright-light microscope image of polystyrene
beads on a coverslip with an average diameter of 1pm. The black spot is an artifact of the
microscope system. (b) Typical fluorescence emission spectrum of polystyrene beads doped with
a red dye. The spectral absorption and emission maxima are at 580 nm and 605 nm, respectively.

2.4.3. Nitrogen Vacancy Defect Centers in Nanodiamonds

Nanodiamonds are diamond nanocrystals with sizes around 100nm and smaller, as can
be seen in figure 2.13(a). Different interstitial or substitutional defects can occur in dia-
mond. The latter consist of impurities or vacancies replacing one or more carbon atoms
in the diamond lattice [123]. More than a hundred such defect centers are known to be
optically active [27]. Very prominent is the nitrogen vacancy (NV) defect center [124]. In
figure 2.13(b) its fluorescence emission spectrum can be seen, which is characterized by
visible zero-phonon lines (ZPLs) at 575nm and 637 nm, respectively, and broad phonon
sidebands. The remarkable optical and electronic properties of the NV defect center
make them photostable single-photon emitters that can already be used at room tempera-
ture [27]. As diamond itself has a large band gap of 5.5eV, absorption in the host matrix
can be neglected down to ultra-violet wavelengths, and the high refractive index of 2.42
enables efficient guiding of light in diamond-based devices [126]. Furthermore, diamond

(b) ' T

550 600 650 700 750 800
Wavelength (nm)

Figure 2.13.: Diamond nanocrystals with nitrogen vacancy (NV) defect centers. (a) Transmission
electron microscope image of differently-sized diamond nanocrystals as measured by Gaponik [125].
(b) Fluorescence emission spectrum of many NV defect centers in a cluster of several nanodiamond
particles. The visible zero-phonon lines (ZPLs) of the neutral (NV?) and the negative (NV~) defect
center can be identified at 575nm and 637 nm, respectively. (See section 5.1.2 for details of the
measurement. )
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has a high thermal conductivity, facilitating cooling of the crystal lattice.

As shown in figure 2.14(a), the NV center consists of a single nitrogen atom replacing
a carbon atom with an adjacent vacancy in the diamond lattice. Thus, this defect center
has a Cs, molecular symmetry. Occurrence of the NV center is common in natural as
well as in synthetic diamond, and can be further increased by electron irradiation and
annealing [127]. This requires substitutional nitrogen impurities, which have to be already
present in the diamond lattice (type 1b diamond) or can be implanted individually into
otherwise pure diamonds [128].

The NV center is found in two different charge states, the neutral NV? and the negative
NV~ center [129], due to configurations of five or six electrons, respectively. In both
cases the five unbound electrons (two from the nitrogen and three from the three carbon
atoms) surrounding the vacancy contribute to the defect center, while for the NV~ center
an additional electron is assumed to be captured from the lattice [130]. Under optical
pumping, the NV center can alternate between the two charge states NV? and NV~
[27], which are distinguishable by their characteristic, visible ZPLs as pointed out in
figure 2.13(b).

The simplified energy level scheme of the NV~ center is shown in figure 2.14(b). It
consists of the spin triplet ground (3A5) and excited (3E) states as well as two spin singlet
states (1E, 1 A1) [124]. The triplet states can be split by strain or external fields. Typically,
optical excitation from 34, to 3E is done by off-resonant pumping with lasers at 514.5 nm
or 532nm. From this state the NV~ center can return to the ground state 3A, directly
by emission of a photon into the visible ZPL at 637 nm or by non-radiative intersystem
crossing over 'A; and ' E. With weak probability, an additional infrared ZPLig at 1042 nm,
induced by transition between the two singlet states, can also be detected [131]. However,
only the visible transition ZPL is of importance in this thesis. Since the NV center is
affected by the vibronic modes of the diamond lattice, the emission spectrum shows large
phonon broadening of the zero-phonon lines, as can be seen in figure 2.13(b). Even at low
temperatures only a small fraction of the overall emission is directly emitted into the ZPLs.
Additionally, the meta-stable states further reduce the radiative quantum efficiency.
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1
2.88 GHz | .

A,
Figure 2.14.: The NV defect center in diamond. (a) Atomic structure of the NV center in the
diamond lattice. (b) Energy level scheme of NV~ without the influence of strain or external fields,
after [124]. Solid arrows indicate radiative transitions, and dotted and dash-dotted arrows indicate
weak and strong non-radiative transitions, respectively.
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2.4.4. Colloidal Quantum Dots

Quantum dots are semiconductor structures that tightly confine electric charge carriers.
Typically, this confinement is achieved in small islands of a certain semiconductor embed-
ded in a semiconductor matrix with a larger band gap [132], or in colloidal semiconductors
with sizes of a few nanometers [16], as shown in figure 2.15(a). Colloidal quantum dots
are often capped with an additional shell of a semiconductor material with a larger band
gap to improve isolation of the charge carriers and to adjust the optical properties of the
quantum dots [133-135]. An example of the fluorescence emission spectrum of colloidal
quantum dots consisting of a CdSe core and a ZnS shell with an overall diameter of 4 nm
can be seen in figure 2.15(b).

An exciton is a correlated electron-hole pair (see figure 2.16(a)), which can be created by
electrical or optical excitation. It can recombine radiatively by emission of a single photon.
When the size of the quantum dot is comparable or even smaller than the Bohr radius of the
exciton, quantum confinement effects (see figure 2.16) start to influence the energy levels.
Typically, there is a shift to larger separations between the energy levels with decreasing
quantum dot size [136]. In the strongly confined regime, the emission wavelength of a
quantum dot is determined by its size, in addition to the specific materials. Generally,
single photons from quantum dots can be observed efficiently only at low temperatures,
which requires a cryostat. At higher temperatures the charge carriers escape thermally,
assisted by phonon absorption [137]. Also, bleaching and blinking reduce the radiative
rate of quantum dots [13].
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Figure 2.15.: Colloidal core-shell quantum dots. (a) Transmission electron microscope image
of PbS/CdS quantum dots with a diameter of 6.5nm as measured by Zhao et al. [138]. (b)
Fluorescence emission spectrum of a cluster of CdSe/ZnS quantum dots with individual diameters
of 4nm. (Details of the measurement can be found in section 5.4.4.)
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conduction
band

valence
band

Figure 2.16.: Optically active semiconductor quantum dots. (a) The lowest excitation is an
exciton, a correlated electron-hole pair that can recombine by emission of a single photon. (b)
With decreasing crystal size the valence and the conduction band change to discrete energy levels
with increasing distance. The schematic energy level structure of a quantum dot (middle) is
compared to bulk semiconductor (left) and a smaller quantum dot (right). The arrows indicate
the lowest optical transition between the energy bands or levels.
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3. Linear Paul Trap

Single nano- and microparticles are levitated in linear Paul traps in this thesis. The basic
concepts of this kind of particle trap are introduced in the following chapter. Starting
from the ideal trap geometry, the theoretical conditions for stable particle confinement are
derived from the equations of motion in the form of the normalized Mathieu’s differential
equation. External influences on the particle trajectories are discussed theoretically before
additional aspects of real trap geometries are addressed.

3.1. Ideal Linear Paul Trap

The ideal linear Paul trap consists of four hyperbolically shaped electrodes arranged in
quadrupolar configuration as shown in figure 3.1. The parallel electrodes are extended in
axial direction similar to a quadrupole mass spectrometer [139]. Opposing electrodes are
electrically connected and a direct-current (dc) voltage V. in series with an alternating-
current (ac) voltage Vg with angular frequency € is applied between the electrode pairs.
The potential difference between the electrodes can be written as

D (t) = Ve + Vae cos(§21). (3.1)

Like in an electrical quadrupole mass analyzer the created electric field has components
only in radial trap direction. For particle stabilization in all three dimensions electric field
components in axial direction have to be introduced by additional end cap electrodes or
segmentation of the quadrupole electrodes. In the following subsections the mechanisms
of radial and axial particle confinement are explained in detail.

Figure 3.1.: Electrode configuration for radial confinement (xy-plane) in a linear Paul trap. Axial
stabilization has to be ensured by additional electrodes.
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3. Linear Paul Trap

3.1.1. Radial Stabilization

As already mentioned, a single static electric field is not sufficient to stabilize a charged
particle in three dimensions. This problem can be solved by using a dynamic electric field.
In the case of a linear Paul trap two-dimensional confinement in radial trap direction is
accomplished by using an oscillating trap voltage. Most aspects of the following trap
theory are taken from [68,72,73,140] and [141,142]

Equations of motion

For particle confinement a restoring force has to affect the particle which in the simplest
case is proportional to the distance from the trap center:

F o« —r. (3.2)
The corresponding potential is parabolic
@ o< (aa? + By +72%) (3-3)
and has to fulfill the Laplace condition [143], as it is an electric potential
AP=0=a+B+. (3.4)

For the linear quadrupolar electrode configuration o« = 1 = —f and v = 0 satisfy this
condition. With respect to equation (3.1) the resulting electric potential is

22 — o2

2
2r;

O(x,y,t) = (Vg + Vaecos (Qt)) (3.5)
The size parameter rg is the minimum distance between the electrodes and the center of
the trap. In figure 3.2 the electric potential is depicted at the time ¢ = 0 and after half of
one periode t = % The potential has the form of a saddle that oscillates in time. When
the trap parameters are adjusted for the specific charge of a certain particle it can be
stabilized between the electrodes.

With E = —V® and M% = (@ - E the equations of motion for a particle with mass M
and charge @ in the oscillating parabolic potential can be written as

d*x(7)

+ (a+2qcos (27)) - (1) =0, (3.6)
dr?
d2
y(;—) — (a+2qcos (27)) -y(1) =0, (3.7)
dr
d?z(1)
—— =0 3.8
3 =0, (35)
with the dimensionless trapping parameters
Ot
T = ?, (39)
Q Vdc
=4—= 3.10
“T Moy (3.10)
Q Vac
=2—= . A1
e M Q?r2 (3:11)
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Figure 3.2.: Oscillating saddle potential in the radial plane of the linear Paul trap that is used
to stabilize charged particles (indicated by the gray sphere). The left plot shows the potential at
the time ¢ = 0 and the right plot after half of the oscillation period ¢t = %

Equations (3.6) and (3.7) are in the normalized form of Mathieu’s differential equation.
They describe independent motions in the radial trap directions z and y while equa-
tion (3.8) indicates that the quadrupole potential has no effect in the axial trap direction
z.

Solution of Mathieu’s differential equation

Mathieu’s differential equation belongs to the class of Hill’s differential equations which are
ordinary linear differential equations of second order with periodic coefficients. According
to Floquet’s theorem, the general solution for x (analogous for y) is given by the following
series [140-142]

o0 00
x('r) = Agel=T Z CQn’zeﬂm'_i_Bme—MzT Z Czn’xe_ﬂm-. (3.12)

n=—oo n=—oo

Equation (3.12) delivers two different kinds of trajectories describing stable or unstable
particle motion in the trap. Whether the series converges or diverges with time depends
on the characteristic exponent p,. For imaginary p, = i, with non-integer, real values of
B the solution is periodic with limited amplitudes, which corresponds to stable particle
trajectories. A and B are initial values of the particle position. The coefficients Co,
depend on the trapping parameters a and ¢ and can be obtained by recursion. In the
case of an imaginary characteristic exponent and the assumption a,q < 1, 8, can be

approximated by
PE

Thus, it is determined by a and ¢ alone if stable particle confinement is possible or not. In
combination with equations (3.10) and (3.11) this means for trapping of a given charged
particle the properties of the voltages applied to the trap electrodes (Vge, V4. and ) have
to be adjusted with respect to the specific charge of the particle %
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For the case of stable trapping, the particle trajectory can be rewritten as

2(t) = A, > Congcos((2n+ B)7) + By > Congsin((2n+ B)7) (3.14)

n=—oo n=—oo

with A, = A, + B, and B!, = i(A; — B;). Consequently, the particle motion in the trap
is a superposition of different harmonic oscillations with the frequency spectrum

Wen = (n + %) Q. (3.15)

The trajectory can be described as an oscillation at the frequency w; o = %’Q, the so-
called secular motion, superposed by integer multiples of the driving trap frequency €2,
the so-called micromotion. For the y trajectory similar results are obtained as only the
signs of a and ¢ have to be changed.

Stability diagram

The classification of the solutions of Mathieu’s differential equation can be illustrated very
clearly in a stability chart as shown in figure 3.3. Depending on the combination of a and ¢
stable and unstable solutions are depicted by gray and white areas, respectively. Because
equations (3.6) and (3.7) are not coupled, the solutions are independent from each other
for the x and y directions. Where stabilization in both radial trap directions is possible,
the areas overlap (yellow areas). Only the first area of stability is shown here, which is in
general sufficient for quadrupole ion traps. Stable areas for higher values of a and ¢ can
be found [71], but they are difficult to access and do not offer significant advantages for
particle trapping. The boundary lines between stable and unstable areas are described by
characteristic functions, obtained from a series expansion of the stability parameter a in ¢
for stable trajectories (equation (3.14)) separated in even (a,,) and odd (b,, with m € N)

04
0.3
y stable a
0.2 1 S=const.
q
0.1
@ O a=0

~0.1 stable

-0.2
-0.3
-0.4

y stable |

0 0.2 0.4 lal 0.6 0.8 1.0

Figure 3.3.: Stability chart of a linear Paul trap. Gray and white areas depict stable and unstable
trajectories, respectively. Stable areas for both directions x and y overlap in the yellow intersection
area, where particle confinement in the radial trap plane is possible. For constant % different
specific particle charges are found on the same operating line (blue dashed line). If a = 0 stable
confinement demands 0 < ¢ < 0.908 (red dashed line).
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solutions [142]. The first area of stability is defined by the characteristic functions

Ll T 2 6 3.16
a0(9) = =5¢" + 1587 ~ 33049 T 00 (310
. 1 1 49

b gt B 4 _ 5
1(9) 9787 549 15367 " 368647 T 5sos24

¢+ 0", (3.17)

and the conditions ag(q) < a < —ap(q) and —b1(q) < a < b1(q).

When the trap parameters are kept constant, different specific particle charges are found
in the stability diagram on the same operating line with slope % = % = const. For simple
particle trapping often Vz. = 0, and thus a = 0, is chosen (red dashed line in figure 3.3),
which requires ¢ < gmqez = 0.908. Then, the condition for stability can be given in the

following form

Q dmazx Q27’(2)

< .
M 2 Ve

(3.18)

A non-zero dc voltage V. is useful for filtering of certain specific particle charges, for
example in mass spectrometry [68]. As a result, narrower limits for ¢ have to be considered
for stability (blue dashed line).

Approximate solution of Mathieu’s differential equation

In the following, an approximate solution of the equations of motion is presented for a
more vivid description of the particle trajectory [144,145]. For small values of a and ¢ only
the three coefficients Cy,, with n = —1,0, 1 contribute dominantly in the series expansion
of equation (3.14), which allows separation of the particle motion into two oscillation
components, as shown here for the z direction (analogous for y)

x(1) = 62(7) + T(7), (3.19)

with the micromotion §,(7), a fast oscillation driven with trap frequency €2, and, averaged
over the driving frequency, the slower varying secular motion Z(7). After insertion in
equation (3.6) and assuming a < 1 one obtains

d%s,

W + 2q COS (27').’%(7') = 0, (320)

which delivers directly the trajectory of the micromotion
62(r) = —3 cos (27)z(7). (3.21)

One can see that the amplitude of the micromotion is proportional to the trap parameter ¢
and the deviation from the center of the trapping field. Inserting equation (3.19) again in
equation (3.6) together with equation (3.21) and subsequently averaging over one period
of the micromotion, one arrives at the differential equation for the secular motion

d*z(r) q°

g = la+5)x(7). (3.22)
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This is the equation of motion of an harmonic oscillator for which the solution is well
known as

Z(1) = ¢ cos (W, 7). (3.23)
The dimensionless secular frequency

q2
@ =\at T (3.24)

matches the characteristic exponent of equation (3.13) in the adiabatic approximation
a,q < 1. Now, the overall trajectory of the particle motion in the trap can be written for
real time t as

x(t) = xg cos (wyt) (1 - gcos (Qt)) (3.25)

with the angular frequency of the secular motion

20
%:Ma+%§. (3.26)

The same secular frequency is obtained from equation (3.15) with n = 0 in combination
with equation (3.13). The results for the y direction differ only in the sign of the trapping
parameters a and ¢

y(t) = yo cos (wyt) (1 + %cos (Qt)) , (3.27)

/ g*
wy = —a + 557 (328)

and for ¢ = 0 the secular frequencies for both radial trap directions are the same:

_Q Vac
v M\/iﬁr%'

(3.29)

Wy =W

For the purposes of illustration, in figure 3.4 example particle trajectories in the radial
trap plane with generic starting points are shown calculated with equations (3.25) to (3.28).
One can clearly identify the slow secular motion with large amplitude superposed by the
faster micromotion with a much smaller amplitude. The secular trajectory in figure 3.4(a)
resembles a 1:1 Lissajous curve for the case of a linear Paul trap with a = 0. In figure 3.4(b)
the decoupled trajectories for the z and y directions are shown individually over time. An
example trajectory for a # 0 is given in figure 3.4(c) and (d). Now, the secular trajectory
resembles a more complex Lissajous curve because the secular frequencies w, and w, are
no longer equal.

Pseudopotential

For the harmonic secular motion a pseudopotential [146] can be written using equa-
tion (3.29) in the form of

_ 1M 1%
(I)sz( 2$2+w32/y2)_ Q ac

& 2 2
30 = i@ o) (3.30)
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Figure 3.4.: Approximated particle trajectories in the radial plane of a linear Paul trap, as indi-
cated in the inset in (a). The curves are calculated for ¢ = 0.3276, Q = 27 x 5kHz and z¢ = 5um,
Yo = —5nm. (a) Trajectory for trapping parameter a = 0, which corresponds to V4. = 0. (b)
Decoupled z (black curve) and y (green curve) trajectories showing the slow secular motion super-
posed by the faster micromotion. (c¢) and (d) illustrate the situation for a = 0.0164. The secular
oscillations in z and y direction have different frequencies. (e) and (f) exemplify the influence of
an external static force in y direction. Here, a = 0 and Ay = —0.18 um.

37



3. Linear Paul Trap

It depends on the specific charge of the trapped particle in addition to the trap parameters.
The potential difference between the trap center (z,y = 0) and the surface of the electrodes
(22 +y?=12)is

2
(i)maa: = g Vac .
4M Q?rd

(3.31)

The pseudopotential indicates the minimum energy needed for a specific particle to leave
the trap. Thus, for stable confinement, the trap parameters should be adjusted to increase
® but with respect to the stability condition in equation (3.18).

Influence of an external static force

An external force exerted on the particles in the radial trap plane will influence their
trajectories. In the case of a static, homogeneous force F', like gravity or an additional
electric field, the equation of motion in the form of Mathieu’s differential equation is
changed [72,73] to

2y(r
ddy7_(2 ) — (a+2qcos(27)) - y(1) = %

Without loss of generality the external force is set parallel to the y-direction. In analogy
to the derivation of the approximate solution in the previous paragraph, one obtains for
the overall particle trajectory

(3.32)

y(t) = (yo cos (wyt) + Ay) (1 + gcos (Qt)) (3.33)

shifted from the trap center by

F

Ay—=—
y ng

(3.34)

In figure 3.4(e) and (f) an example of a shifted particle trajectory due to an external static
force calculated with equations (3.25) and (3.33) is shown. The frequency of the secular
motion wy is not changed compared to the undisturbed trap but the central shift of the
particle trajectory induces an enhancement of the micromotion. In most cases this effect
is undesirable and the particle shift has to be compensated, for instance by an auxiliary
static electric field that counterbalances gravity.

Influence of damping

Another influence that has to be considered is damping of the particle motion by atmo-
spheric friction as most of the results presented in this work are obtained under atmo-
spheric pressure. Buffer gas cooling is a known method to decrease the kinetic energy of
trapped particles usually using dry, cold gases [147-149]. Air friction can be incorporated
into the equations of motion by adding a frictional term. For the case of a laminar air
flow the frictional force on a spherical particle with radius R and density p in a medium
with viscosity 7 is given by Stokes’ law [73]:
dx

Fy = —6mRE. .
d 6mnR g (3.35)
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Then, Mathieu’s differential equation (only shown for the x direction) is changed to

d?x(T) n zkd:c(T)

72 i (a+2qcos (27)) - x(1) = 0, (3.36)
with the friction coefficient
9 n
= §pR2Q' (3.37)

The damped equation (3.36) can be solved with the ansatz [150]
() = e u(7), (3.38)
which leads to the following modified Mathieu’s differential equation

d?v(T)

072 + (@ — k* 4 2q cos (27)) - v(7) = 0. (3.39)

The familiar formulation of equation (3.6) can be obtained by the substitution a’ = a — k2.
The solution is found in analogy to equation (3.12)

o0 o
2(1) = Ayele=h7 Z Con o€ + Byel~Ha=h)T Z Con e 217, (3.40)

n=—oo n=—oo

In contrast to the undamped case, here the additional term e *7 leads to a decrease of

the oscillation amplitude of the particle over time. As a result, the solution is periodic

with limited amplitudes not only for imaginary but also for real characteristic exponents
P

s, with

[Re{u}| < k. (3.41)

Thus, particle stability is improved with increased damping. For small particles trapped
under atmospheric pressure the stable areas in the stability chart are extended, compared
to vacuum [151]. For equation (3.18) this means a much higher g4, in the case of a = 0.
Furthermore, the frequency spectrum of the trapped particles is changed

Wh oy = (n + %) Q. (3.42)

While the frequency of the micromotion remains the same, the secular frequency is reduced.
In the case of a/,q < 1, B can be approximated in analogy to equation (3.13) and the
modified secular frequency wufmo can be calculated from the secular frequency without
friction w, o by

winy A wh g — kP —. (3.43)

Again, similar results are obtained for the y trajectory as only the signs of a¢ and ¢ have
to be changed.

In figure 3.5 the influence of damping on the generic trajectory of a trapped particle
can be seen. The curves are obtained by solving the damped Mathieu’s differential equa-
tion (3.36) (analogous for the y-direction) with a numerical Runge-Kutta method [152], in
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3. Linear Paul Trap
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Figure 3.5.: Calculated particle motions in the radial plane of a linear Paul trap under the in-
fluence of friction. (a) Undamped (vacuum) trajectory calculated for stable trapping parame-
ters (¢ = 0 and ¢ = 0.49). The inset indicates the observed trap plane. (b) Trajectory un-
der the same trapping conditions but now including weak damping by friction with & = 0.082
(g = wy = 0.35). (c) Undamped (vacuum) trajectory calculated for unstable trapping parame-
ters (e = 0 and ¢ = 1.47). (d) same as (c) but strongly damped with k = 1.310 (&, = @, = 1.04).
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3.1. Ideal Linear Paul Trap

contrast to the trajectories shown in figure 3.4, which are plotted from the approximated
solutions of the undamped Mathieu’s differential equation. In figure 3.5(a) conditions are
set for stable trapping in vacuum with @ = 0 and g = 0.49. In figure 3.5(b) weak damping
(k = 0.082) is taken into account for otherwise the same stability parameters. It becomes
clear that only the secular motion is damped. The micromotion is unaffected by the damp-
ing and its amplitude is mostly determined by the distance between the particle and the
center of the trap. Over time the particle approaches the trap center. Because k < @, w,
(see equation (3.24)) the shown secular oscillations are underdamped [150]. With equa-
tion (3.38) the relative amplitude change of an underdamped harmonic oscillator during

one period Tlé = % can be calculated by

:C(to + T]/,) —kr 2

R (3.44)

For the case shown in figure 3.5(b) this ratio is 0.22. Figure 3.5(c) shows an example of
an unstable trajectory (a = 0, ¢ = 1.47), where the particle is not confined to the trap
dimensions. Nevertheless, stabilization of the particle can be achieved in this case when
the amplitude of the particle motion is sufficiently damped as shown in figure 3.5(d) for
k = 1.310. This gives also an example of strong damping (overdamping) with k > @, w,.
Here, the particle approaches the trap center without any secular oscillations. As a remark,
strong damping is not necessary to stabilize the particle, as this can also be achieved for
certain weak damping conditions. However, strong damping due to atmospheric friction
affects most experiments described in this thesis performed under normal pressure. For
example, with an assumed air viscosity of n = 1.8 x 107kgm~!s~! [151] the friction
coefficient k£ = 0.16 for a silica microsphere 5pm in diameter trapped at a frequency of
Q = 27 x 5kHz, while £ = 29.3 for a spherical 100nm diamond particle and a trap
frequency of 2 = 27 x 50 kHz.

One comment on the shown trajectories: In comparison to figure 3.5 one can see that
the waist of the overall trajectory in figure 3.4(a) is much smaller. This is because of the
approximations made in deriving equations (3.25) and (3.27), which do not account for
the higher multiples of the driving frequency. In contrast, the full frequency spectrum (see
equation (3.15)) is respected in the solutions obtained numerically for the case of damping,
shown in figure 3.5.

Thermal motion

The damping reduces the secular motion until the limit of the Brownian motion. The
statistical collisions with gas molecules cause a residual amplitude that can be derived from
the gas temperature T [74]. Following the equipartition theorem for a three-dimensional
harmonic oscillator

<E> = <Ek’zn> + <Epot> = 3kBT’ (345)

with the Boltzmann constant kg, one arrives at the following condition (y-direction anal-
ogously)

1
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3. Linear Paul Trap

For nano- and microparticles trapped at room temperature (7" = 300 K) typical residual
amplitudes of up to 100 um may occur, depending on the specific particle and the trap
parameters, which has to be avoided.

3.1.2. Axial Stabilization

To confine radially stabilized particles in axial trap direction additional potentials have to
be involved. Generally, these are generated by applying static voltages to additional elec-
trodes which can be of different types. A common method is to use end-cap electrodes like
rods [87], rings [153] or other shapes [154] at both ends of the trap. Quadrupole electrodes
curved to form a complete ion storage ring are also known [155]. Another solution is to
divide two [156] or all four [157] quadrupole electrodes into smaller segments and apply
individual voltages to them. This has the advantage that in addition to confinement in the
axial trap direction, it also allows for separation and transport of particles within the trap.
However, if a particle is axially stabilized by applying a static voltage U, to end-caps or
electrode segments with an axial distance zy to the center of the trap, the potential on the
trap axis can be assumed to be nearly harmonic and can be written in the form [158,159]

kU, 1
(I)ax = D) (Z2 - 5(1"2 + y2))7 (347)
0
M 272 1 2 2
= - ) 4

The factor k is determined by the specific trap geometry and is a measure of the atten-
uation of the created potential at the center of the trap (k < 1). To fulfill the Laplace
condition (see equation (3.4)) the potential ®,, provides focusing in the z direction as
well as defocusing components in the radial trap directions x and y. By comparison of
equations (3.47) and (3.48) the angular frequency of the axial motion can be derived as

2kQU,
L= _ 3.49

The addition of equations (3.5) and (3.47) gives the overall potential

2?2 —y? kU,

oy = (Ve + Ve 08 (1)) - (2 %(gﬁ +?)), (3.50)

2 2
2rg Z5

and new equations of motion accounting for the influence of the axial potential on the
radial motion (compare with equations (3.6) to (3.8)) are obtained in the form [160]

TT) 4 (o + 24008 27)) - 2(r) = 0, (3.51)
TYE) (6, + 2008 (20)) -y(r) =0, (3.52)
22 T
ddT(z )i a(r) =0, (3.53)
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3.1. Ideal Linear Paul Trap

(3.54)
(3.55)

(3.56)

For small a and ¢ the characteristic exponent 3, (similar for By) can be approximated in
analogy to equation (3.13)

to obtain the modified secular frequency

5 - q
/8$ ~ az‘ +
(Das,O = %Q = w2

Ea

Z92
_2wz

(3.57)

(3.58)

The same result is obtained from the total pseudopotential that can now be written as
the sum of equations (3.30) and (3.48)

5 "2 2
Dy = QQ(W z? —i—wyy + w;z%), (3.59)
M 1 1
—((W? - zwHa? + (wy - iwg)y )+ w?z?). (3.60)

20 2%

The secular frequencies are reduced which corresponds to a reduced depth of the radial
pseudopotential in comparison to equation (3.31). Generally, this influence has little effect
on trapped particles, but has to be taken into account for weak pseudopotentials.

The defocusing effect of the axial potential also changes the stability conditions as the
trapping parameter a is changed [161]. In figure 3.6, the stability chart for the ideal linear
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Figure 3.6.: Change of the stability chart due to an axial potential.
chart representing the ideal linear Paul trap without axial confinement.
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3. Linear Paul Trap

Paul trap is compared to a stability chart altered by a, = 0.1. While typical values in the
experiments presented in chapter 5 are smaller, maximum values of a, might be higher
by up to one order of magnitude. Although this must be avoided for vacuum conditions,
usually particle stability is ensured in this thesis because of the high damping of the
particle motion by atmospheric friction (see figure 3.5). The shown first area of stability
is compressed and shifted to higher values of ¢q. As this affects the minimum value of ¢
for stable radial trapping, for a = 0 a lower limit for the specific charge % has to be
considered in contrast to equation (3.18). Thus, in the experiment the axial potential has
to be chosen as low as possible to reduce the influence of the axial potential on the particle

stability [160].

3.2. Real Linear Paul Traps

So far, only ideal conditions for the potentials and particles have been assumed. Some
influences on particle stability have been discussed in the previous sections, but there are
others which have to be considered:

e Most important are deviations from the ideal trap geometry. Like in this work,
cylindrical instead of hyperbolic electrodes are used because of easier fabrication
[162]. But other electrode geometries are also known [163,164]. In such cases the
created radial potential differs from the ideal quadrupole potential by additional
terms in the multipole expansion. For cylindrical electrodes the contribution of
higher multipoles can be reduced by choosing the ratio between the electrode radii
R and their distance to the trap center rg to be

R
= = 1.14511, (3.61)
To

which ensures a maximum area around the trap center with almost constant field
gradients [165]. Further disturbances arise from inaccuracies in the adjustment of
the electrodes. Additional unwanted potentials like charged dielectric depositions
on the trap electrodes or mounts also alter the potential. Moreover, the finiteness
of the quadrupole electrodes in axial direction and radial components of axial end-
cap potentials change the trapping potential as already discussed in section 3.1.2.
Besides the trap geometry, the applied ac voltage can cause deviations from the ideal
quadrupole potential when the generated signal is not perfectly sinusoidal.

e Another important deviation from the ideal case comes from the particles themselves.
For a large trapped particle, like the nano- and microparticles used in this thesis, the
assumption of a point mass and point charge is questionable. The particles rather
have an extended geometry with a charge distribution on its surface. Additionally,
it is possible that the center of gravity differs from the center of charge. For a
sufficiently large trap and small particle trajectories this might be neglected.

e If more than one particle is trapped, the Coulomb force between charged particles

creates an additional potential that acts like an external force on the other particles.
This can easily be avoided by isolating a single particle in the trap.
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3.2. Real Linear Paul Traps

e Furthermore, external effects like scattering forces exerted on the particle from the
excitation light or local heating may be observed in addition to gravity and gas
friction which have been discussed in section 3.1.1.

Almost all of these effects modify the ideal quadrupole potential by adding higher order
multipole terms. As a result, the equations of motion describing the particle trajectory
are no longer decoupled. This causes non-linear resonances [166] which lead to unstable
particle motion, despite being within the stable areas in the stability chart (figure 3.3).
The general condition for these resonances is [167]

nx% + ny% =v, (3.62)
with integers n,, n, and v and
Ing| + [ny| = N, (3.63)

where N gives the order of the resonance. Regarding equation (3.15) this can be interpreted
as a condition for the secular frequencies:

NgWy + Nywy = VL. (3.64)

So, resonances occur if the sum of integer multiples of the secular frequencies in both
radial trap directions is equal to a multiple of the driving trap frequency. Such resonances
can be observed either for only one of the radial directions or coupled for both directions,
depending on the involved secular frequencies [168]. As most of the trapping experiments
presented in this thesis are performed under atmospheric pressure, which overdamps the
secular motion, resonant excitation of particle motion inside the first area of stability can
be neglected.
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4. Experimental Setup for Levitated Nano-
and Microparticles

Investigation and manipulation of individual nano- and microparticles stabilized in free
space places high demands on the experimental setup. In this thesis, different linear Paul
traps are constructed that are used for particle isolation. The traps are driven by high
sinusoidal voltages generated by home-made amplifier systems. The development of one
of them (amplifier HV6) led to a publication in Review of Scientific Instruments [169].
Integration of the traps in an optical microscope allows for detection and observation of
confined particles. The particles are charged and injected into the trap by electrospray
ionization, which is performed at atmospheric pressure. Vacuum trapping conditions can
be achieved after injection. In the following sections all parts of the experimental trap
setup are explained in detail. The chapter ends with an introduction to the experimental
techniques for trapping and characterization of particles used in this thesis.

4.1. The Traps

Starting from a linear trap design with end-cap electrodes implemented by simple rods
[170], two different general trap designs are used for different experimental requirements.
All traps used in this thesis are based on a quadrupolar electrode configuration, like the
one depicted in figure 3.1. They provide radial confinement in the same way, but differ in
size, and more importantly, in the way of axial confinement:

e For the end-cap trap, a combination of four additional electrodes at each end is
used, as shown in figure 4.1(a). These end-cap electrodes are connected to individ-
ually adjustable voltages V1-Vg with respect to ground. By using these end-caps to
generate repelling potentials, a charged particle can not only be stabilized between
the electrodes in the axial trap direction, but its position can also be corrected rel-
ative to the trapping potential. For instance, by changing the voltages of the lower
electrodes V3, Vy, V7 and Vg with respect to the voltages of the upper electrodes V7,
Vs, Vs and Vg, the particle can be moved in the vertical direction. The same can be
achieved for the two horizontal directions (radial and axial) by changing the voltages
of the left and right or front and back electrode groups.
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- O X0 T
0 b d

Figure 4.1.: Electrode configurations used for axial confinement in the linear traps. (a) End-cap

trap with eight additional electrodes connected to individually adjustable voltages. (b) Segmented
trap with subdivided quadrupole electrodes.

e For the segmented trap, two of the main quadrupole electrodes are divided into
smaller sections, as shown in figure 4.1(b). Opposing sections are electrically com-
bined to form segments and connected to individual voltages Vi-V3, in addition to
the oscillating high voltage applied between the unsegmented and the segmented
quadrupole electrode pairs. Similar to the end-cap trap, the outer segments can be
used as end-cap electrodes, in order to confine particles in the axial trap direction.
If several segments are aligned adjacent to each other, as indicated in figure 4.2, var-
ious local potential minima can be defined in the axial trap direction. Such minima
can be shifted by changing the individual segment voltages, so that the particles can
be separated from each other and moved along the trap.

axial potential

axial direction (z)

Figure 4.2.: Axial potentials in the segmented trap. Applying individual voltages to the single
segments allows to define local potential minima used to separate and transport particles in axial
direction. Unsegmented electrodes are omitted for clarity.

In addition to axial confinement and transport, particle removal is another aspect. In
both traps, it is possible to eject a particle from the end in the axial direction, but only
the segmented trap allows to remove a certain particle from anywhere on the trap axis.
This can be done by applying a voltage across the two pieces of one segment, in order to
remove a particle in the radial direction.
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4.1. The Traps

4.1.1. End-Cap Trap

The experimental realization of the trap configuration with end-caps (schematically shown
in figure 4.1(a)), can be seen in the photograph in figure 4.3. The linear trap consists of
cylindrical brass electrodes with a diameter of 2R = 4 mm in the well-known quadrupo-
lar arrangement. The oscillating high voltage is applied between the pairs of opposing
main electrodes, which have a length of 7mm and are held between two mounting plates
milled out of 1 mm thick composite epoxy material. The minimum distance between the
electrodes and the trap center rg is 1.75 mm, which fulfills the condition given in equa-
tion (3.61) for the optimum quadrupole potential. End-cap electrodes with a length of
2mm are mounted on glass fiber rods with a gap of 1 mm between the main electrodes
and the end-caps at each end, to which individual static voltages are applied. The whole
trap is fixed to an aluminum holder used for mounting the trap in the optical setup.

Figure 4.3.: End-cap trap. The four quadrupole electrodes are connected to the oscillating voltage
(blue wires) to generate the alternating radial trapping field. For axial confinement eight end-cap
electrodes are mounted at the ends of the trap which are connected to individual static voltages
(black wires). The whole trap is attached to an aluminum mount for integration in the optical
setup. The gap between two neighboring quadrupole electrodes is 1.3 mm.

4.1.2. Segmented Trap

The segmented electrode configuration shown in figure 4.1(b) is used for the other linear
trap type. A photograph of the segmented trap can be seen in figure 4.4. One can identify
one pair of opposing electrodes that is not segmented and one pair that is divided into
11 sections. The trap has a total length of approximately 110 mm and each segment is
10mm long. All electrodes are made of brass, have a diameter of 4 mm and are held by
1mm thick plates milled out of composite epoxy material. The segments are mounted
on glass fiber rods. The minimum distance between the electrodes and the trap center
ro is 2.95 mm. With respect to equation (3.61) this means that the quadrupole potential
is no longer optimum, but allows for a better optical and physical access to the trap
center due to a larger gap between neighboring electrodes. The alternating high voltage
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4. Experimental Setup for Levitated Nano- and Microparticles

Figure 4.4.: Segmented trap. The alternating high voltage is applied between the plain and the
segmented pair of quadrupole electrodes. Additional static voltages can be applied to the individual
segments for axial confinement. The trap is shown integrated in the optical setup. It is mounted
on an aluminum holder attached to two linear translation stages, in order to align the trap in front
of the microscope objective. The gap between two neighboring quadrupole electrodes is 3 mm.
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4.2. Electrical Supply

is applied between the plain and the unsegmented electrode pair, while the segments can
be connected to static offset voltages individually (see section 4.2 for details).

Like the shorter end-cap trap, the segmented trap is fixed on an aluminum holder, to
attach the trap to two linear translation stages (see figure 4.4). With these stages the trap
position is adjusted with respect to the focus of the microscope objective in the vertical
and horizontal directions, perpendicular to the trap axis. In the remaining horizontal
direction, parallel to the trap axis, the particle position is controlled by adjusting the
voltages of neighboring segments.

4.2. Electrical Supply

The traps are driven by a high-voltage sinusoidal signal. According to the targeted range
of particle specific charges, trap frequencies from several hertz to gigahertz and voltage
amplitudes up to a few kilovolts are used. For large particles with small specific charges
ordinary audio amplifiers in combination with transformers can be used to produce voltages
up to a few kilovolts within a typical frequency range of hertz to kilohertz [73]. Smaller
particles with usually larger specific charges require higher frequencies. Typical for atom
ion traps, amplification of the trap voltage in the megahertz regime can be achieved by
different types of resonators, like helical [91,171], coaxial [89] or RLC resonators [172].
Since stabilization of single nano- and microparticles is envisaged in this thesis, neither
audio amplifiers nor resonator-based amplifiers satisfy sufficiently the need of high-voltage
amplification with an output signal of up to 2kVy, tunable over a frequency range from
1kHz to 100 kHz. Most of the commercially available as well as the reported high-voltage
amplifiers [173,174] do not reach the desired output voltage over the given frequency
range. Thus, a home-made solution is the method of choice here. To be more precise, two
different high-voltage amplifiers, named HV1 and HV6, were developed during this thesis,
which operate with different amplification principles.

Basically, the generated sinusoidal trap voltage can be applied to the quadrupole elec-
trodes in two different configurations, known as asymmetric (HV1) and symmetric (HV6),
as illustrated in figure 4.5. Both amplifiers are driven by a frequency generator (GW
Instek, SFG-2004) and the output signals are monitored via reduced monitor signals with
an oscilloscope (Tektronix, TDS 2024B). In figure 4.5(a) the asymmetric voltage supply
HV1 is depicted. The high voltage output with respect to ground is applied to one pair
of diagonally opposing quadrupole electrodes while the other electrode pair is connected
to ground. In contrast, for the symmetric voltage supply HV6, shown in figure 4.5(b),
two paraphase output signals, which oscillate around ground with a phase shift of 7, are
applied to the two pairs of opposing quadrupole electrodes.

The symmetric voltage supply generates the potential ®,,, described with equation (3.5).
In the case of the asymmetric voltage supply the potential ® sy, is shifted by half of the
applied voltages ®g = V. + Vg cos (Qt):

2 2
=Yy
q)sym = (1)0 ) (41)
27“(2]
0] o x2 — g2
asym = Boym + o = " (1 n r2y > . (4.2)
0

Because E = —V®, the electric field is the same for both potentials and both result in
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Figure 4.5.: Electrical wiring of the quadrupole electrodes. (a) Asymmetric voltage supply HV1.
(b) Symmetric voltage supply HV6.

the same equations of motion given in equations (3.6) to (3.8). The two traps, presented
in section 4.1, can be operated by both types of voltage supply, especially for the plain
quadrupole electrodes of the end-cap trap. For the segmented trap, asymmetric driving is
more straightforward, since the segmented electrodes can be ac-grounded and connected
to static potentials in order to define the axial potentials without further effort. However,
symmetric driving of the segmented trap is possible, if the oscillating potential applied
to the segmented electrode pair is defined as virtual ground for the static voltages. A
floating power supply has to be used, which can hold the high load of the input resistance,
to apply offset voltages to the segments. Here, a simple, home-made power supply without
regulation is used, similar to the module shown in figure 4.15.

HV1 and HV6 are both linear high-voltage amplifiers for sinusoidal signals. In addition
to the different output configurations, they can be distinguished as class AB and class
A amplifiers, respectively [175]. Class A devices amplify the full wave cycle of the input
signal with the same active elements, while class AB devices split the input signal and
amplify each half-wave with different active elements. Class A amplifiers are generally used
for small signals. For power amplification class AB amplifiers are convenient due to their
better efficiency, but complementary pairs of NPN and PNP transistors or dual voltage
supplies have to be used. The used amplifiers are explained in detail in the following
subsections.

All other static voltages are produced by commercial laboratory power supplies which

provide up to 120V (e.g. TTi, PLH120). Different home-made circuits are used to switch
and adjust the dc potentials connected to the end-cap electrodes and segments individually.
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4.2. Electrical Supply

4.2.1. High-Voltage Amplifier HV1

The linear amplifier HV1 consists of a high-voltage power supply and an output stage,
as shown in figure 4.6. The input signal can be amplified up to 2000 V,. Because the
gain is fixed, the output has to be adjusted by the input voltage of up to 5Vp,. A single
output signal with respect to ground is provided and can be used for asymmetric voltage
supply of one of the Paul traps. To observe the output, a monitor signal can be used with
a ratio between output and monitor of 1000 : 1. All circuits are set up from commercially
available standard components and are housed in a small aluminum case, which can be
seen in figure 4.7. The amplifier is cooled by a fan and perforations in the housing, in
addition to heat sinks inside the box.

high-voltage
power supply
U, =+300V
ac clas‘s': AB | high-voltage
input —> output stage ac output
0-5V 0-2000 V
P 11 000: 1 PP

monitor signal
0-2V

Figure 4.6.: Working principle of HV1.

HV1 circuits

The output stage of HV1 is a class AB amplifier. The schematic circuit is shown in
figure 4.8. It consists of two bipolar junction transistors (Q2, Q3) combined in a push-
pull configuration. The NPN transistor of type BF759 and the complementary PNP
transistor of type BF761 conduct the two half-waves of the input signal alternately. They
can withstand collector-emitter voltages of at least 300 V and can safely be used with the
supply voltage of Ug = +300V. The diodes D1 and D2 are responsible for a voltage
drop of 2 x 0.7V. These base-emitter bias voltages Ugg shift the operating points of
the transistors towards a slightly conducting state to enable class AB instead of class B
operation for a more linear amplification characteristic. The common emitter transistor
Q1 is controlled by the ac coupled (capacitor C1) input signal and drives the base currents
of Q2 and Q3. The push-pull configuration of Q2 and Q3 resembles a power amplifier,
while Q1 is used for voltage amplification. The operating point of Q1 is stabilized by
current (R2) and voltage (P1, R3) feedback loops. To stabilize the operating points of
Q2 and Q3, current feedback loops are realized by the resistors R7 and RS&, which also
limit the emitter currents. The parallel diodes D3 and D4 define the upper limit of the
voltage drops at R7 and R8. The amplified signal drives the capacitor C2 to eliminate the
dc signal due to the usage of a single positive supply voltage. The pure ac voltage avoids
premagnetization of the transformer TR1, which steps up the voltage with a winding turns
ratio of 1 : 12.7. Subsequently, the voltage is applied to the output against ground. It can
also be measured by a reduced monitor signal with the help of the measurement voltage
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Figure 4.7.: Photograph of amplifier HV1.

' O +U,
R4
10k <3
b3
Q2 =
>—|:I—K BF759 §
R5 -
47 GND GND
Sl o
™M
oIV ~o C2
w| 2 ‘IF[J 0.TUF/600V HV Output
w155 | . O
ocf—‘[] z ) =
e a
2 R9 ji
X N~ —
=) = V) 33M
ES%ES (] ND
GND GND e
c
C1 o
= 0.1pF 1 R10 s =
> Q
a BF759 &b 31.5k g
£ P2 v
i o
— NS 5k
n:;E e
GND GND GND GND GND GND

Figure 4.8.: Schematic circuit of the class AB output stage of HV1.
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Figure 4.9.: Schematic circuit of the power supply of HV1.
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divider R9/(R10+P2). The capacitor C3 compensates the frequency-dependent influence
of the capacitance of the connected monitor cable.

The supply voltage Up of +300V is produced by the stabilized power supply shown
in figure 4.9. A Graetz bridge rectifier (B1) and filter capacitors (C11, C12, C13) are
used for smoothing the output supply voltage. The MOSFET Q11 is used as variable
resistor in series to the load. This determines the output resistance and keeps the output
voltage almost constant. The transistor Q12 together with the Zener diode D11 adjusts
the operating point of Q11. The control voltage is set by R14/P11/R15. The power supply
is connected to line voltage by the transformer TR11. The thermistor T1 is used as an
inrush current limiter to inhibit current peaks in the transformer.

HV1 performance

The performance of HV1 was tested with a commercial high-voltage differential probe
(Testec, TT-SI9010) in combination with an oscilloscope (Tektronix, MS02014). The
differential input impedance of the probe has a resistivity of 20 M(2 and a capacitance of
5pF. The probe is necessary to measure the high-voltage output (V) while the input
(Vin) and the monitor signal can be applied directly to the oscilloscope. The output and
the monitor voltage are compared to the each other in order to validate the adjustment
of the frequency compensation. The gain is calculated from

m

Voltage Gain = 20 log <“/;Ut>dB, (4.3)

and plotted in figure 4.10.

Typically, the bandwidth of an amplifier is determined by the frequencies, where the
output voltage dropped to % of the maximum value, called —3 dB point. However, this
criterion is common for small-signal amplifiers. As HV1 (as well as HV6) is a large-
signal amplifier, the voltage gain is largely frequency dependent and the —3 dB method
is not applicable. Here, the input is adjusted as a function of the frequency during the
measurement, in order to keep the output voltage constantly at 2kV,,,. Identification of
the cutoff frequencies is decided by observance of waveform deformations (see figure 4.19).
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Figure 4.10.: Measured frequency response curve of HV1. The high-voltage gain measured with
the differential probe is compared to the gain calculated from the monitor signal.
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Amplifier HV1 is capable of delivering 2kV, over a frequency range from 0.7kHz to
20 kHz under the load of the differential probe. Around 15kHz a resonance in the output
stage occurs. This resonance can be explained by the arrangement of the capacitor C2
and the transformer TR1 (shown in figure 4.8). The capacitance of C2 in series with the
ohmic resistance and the inductance of the windings S1+S2 form a serial RLC circuit
with resonance frequency of approximately 15kHz. This resonance can be used to achieve
output voltages of more than 3kV at 15 kHz but has to be accounted for with compensation
of the input voltage, when the trap frequency is changed during operation. The lower part
of the frequency range is determined by the input coupling capacitor C1 and the upper
part by the operating frequency of transformer TR1. By swapping the transformer TR1 of
the output stage, the frequency range of HV1 can be shifted by a few kHz. The amplifier
HV1 means an improvement in terms of device size and reliability over the amplifier system
used previously, consisting of an audio amplifier and several transformers [170], but neither
a higher output voltage nor a broader frequency range can be achieved. That is the reason
why the whole mechanism of amplification is changed for the amplifier HV6, as explained
in the following subsection.

4.2.2. High-Voltage Amplifier HV6

The amplifier HV6 is also a linear amplifier but uses a completely different operating
principle than HV1. As indicated in figure 4.11, the single input of up to 5V, is split
into two signals by an input amplifier, inverting one part to achieve a phase shift of
7 between the two signals. The output stage is a combination of two class A amplifiers
which deliver voltages up to 850 V,;, against ground. Due to the usage of paraphase signals,
the potential difference between both outputs is twice the voltage of one port. Thus, the
differential output voltage is 1.7kV,. In contrast to HV1, the supply voltage needs to
be much higher because class A amplification has a lower efficiency. The output can be
observed via monitor signals with a ratio of 1000 : 1 between output and monitor voltages.
Measurement amplifiers are used to compensate for frequency-dependent influences of
the capacitances of connected coaxial cables. Like for HV1, all circuits are set up from
commercially available standard components. The high-voltage power supply is housed in

high-voltage
power supply

U, = +1700 V

A 4

1:1 ;
ac input class A = high-voltage
input = amplifier < output stages |» ac outputs
0-5V 1:-1 o001 - 2X0-850V,,
. (paraphase)

measurement
amplifiers
v v
monitor signals
2x 0-850 mV |

Figure 4.11.: Working principle of HV6.
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Figure 4.12.: Photograph of amplifier HV6 (Actually shown is version HV4 with identical hous-
ing.) together with the frequency generator (GW Instek, SFG-2004) and the oscilloscope (Tek-
tronix, TDS 2024B).

a 19-inch rack while input-, output-, and measurement amplifiers are housed in a smaller
aluminum case. Figure 4.12 shows a photograph of the complete system, including the
housing with the amplifiers, the power supply, the frequency generator and the oscilloscope.
Cooling is achieved by fan cooling, abundant case perforations, and heat sinks.

HVG6 circuits

As shown in the schematic in figure 4.11, the amplifier HV6 consists of a high-voltage power
supply, an input amplifier, two combined high-voltage output stages and two measurement
amplifiers. The output stages are class A amplifiers used in paraphase combination to
double the output voltage. The schematic circuit can be seen in figure 4.13. The heart of
each output stage is an extended cascode stage [176] formed by three bipolar junction NPN
transistors. This combination increases the bandwidth due to a reduction of the so-called
Miller capacitances [175]. Each common emitter transistor (T31, T41) controls a series
of two common base transistors (T32, T33 and T42, T43, respectively). The transistor
cascades in combination with the power resistors (R312, R412) divide the supply voltage
Up into smaller parts. The specified maximum voltage for the transistors of type BF759
is 350V, which is sufficient to withstand an overall supply voltage of up to 1.7kV. Each
of the power resistors R312 and R412 consists of a series of five resistors rated for 20 W.
Compact thick film resistors are used here to reduce inductive loads. During operation,
the ac coupled (C301, C401) input signals drive the common emitter transistors in order
to sinusoidally vary the collector currents of the cascades. The voltage drops at the power
resistors (R312, R412) due to the oscillating currents are connected to the output ports
of each stage after dc filtering (C303, C403). The resistor R13 means an ohmic ballast
parallel to the capacitive load of the trap and is used as reference between the two stages.
The operating points of T31 and T41 are current- (R303, R403) and voltage-stabilized
(R304, R404). The output voltages of each output stage can be measured with help of the
voltage dividers R310/R311 and R410/R411, respectively.

In order to split the single input into two paraphase signals, an input amplifier is used.
The scheme can be seen in figure 4.14. The voltage dividers R101/P1(1) and R201/P1(2),
which are adjusted by the dual gang potentiometer P1, cause voltage drops as separate
input signals for the operational amplifiers IC1 and IC2. Similar circuits are used for both
channels to prevent unwanted phase shifts, which would reduce the differential voltage
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Figure 4.13.: Schematic circuit of the class A output stages of HV6 used in paraphase combina-
tion. Also shown in [169].

between the output ports, especially at higher frequencies. The phase shift of m between
both supplied signals is achieved by using IC1 in inverting and IC2 in non-inverting con-
figuration. Both channels are set to a resulting amplification of 1. The used operational
amplifiers of type LLT1224 have a gain-bandwidth product of 45 MHz. Even set up in the
shown configuration, the whole input amplifier is capable of transmitting signals up to
5 MHz, which is not the limiting factor for the frequency range.

The supply voltage Up is produced by a series of eight identical power supply modules.
The schematic circuit in figure 4.15 shows one of them. In contrast to the power supply
of HV1, stabilization of the output voltage is not needed. The load of the output stages is
constant due to the asymmetric working principle. The Graetz bridge rectifier (B1) and
the filter capacitors (C1-C4) smooth the output dc voltage. A resistor (R3) instead of
a MOSFET (Q11 in figure 4.9) is used in series with the load, to determine the output
resistance and to limit the output current. Similar to the power supply of HV1, a trans-
former (TR1) connects to line voltage and a thermistor (T1) is used as an inrush current
limiter. In addition to that, the series of eight power supplies is switched on and off by a
microcontroller via relays (K1), to change the supply voltage slowly. Special care is taken
to prevent short circuits in the transformers, which are mounted on insulating composite
epoxy boards. In particular, transformers at the end of the series are at high potentials
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Figure 4.14.: Schematic circuit of the input amplifier of HV6. Also shown in [169].

compared to ground.

The reduced measurement signal at the monitor ports A and B in the output stages
(compare with figure 4.13) can be connected directly to the oscilloscope. Unfortunately,
different measurement values would be obtained for different lengths of the connecting
coaxial cables due to the capacitances of the cables. This problem can be overcome by a
frequency-dependent compensation, as was done in HV1 (achieved by C3 in figure 4.8). In
this case, for a given length of the monitor cable, the frequency compensation can be set
and has to be revised when the cable is changed. Here, a different approach is chosen that
uses measurement amplifiers, as shown in figure 4.16. A non-inverting operational amplifier
(IC5), acting as an impedance converter, changes the high resistive input from the monitor
port to a low resistive output in order to reduce the influence of the cable capacitances.
The resulting amplification of the shown circuit is 1. The measurement amplifiers are
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1.5K20W under load
— —0O+212V

> 4 3 > X >

(=3

g & g 3 § L+ 2 3 §

Sy = Z =on L= = ==X

vu3s - é UE_ Ué’ < % UE‘

B1 8 =8 ] g I8 =

4x1N4007 = = = =
—O 0V

control circuit

Figure 4.15.: Schematic circuit of one of the eight power supply modules of HV6. Also shown
in [169].

59



4. Experimental Setup for Levitated Nano- and Microparticles

A& r—
S NZ i LCso3 s
= 83— I 0.1y 8
Q ~ R503 Q
= GND GND 1K e}
> - —
3 . . [~
=g
p of 1~ _
2| & e
LT1224 B
GND []RSOZ
P51 Tk
100 P52 GND
10k |
GND GND GND
ga c05(1)5 [
1
L v
(o]
GND GND 1V

Figure 4.16.: Schematic circuit of one of the two measurement amplifiers of HV6. Also shown
in [169].

calibrated by applying a low ac voltage with respect to ground to the high-voltage output
ports of the output stages. With the measurement amplifiers connected to the monitor
ports, the input test signals are compared to the monitor signals at the measurement
amplifiers. In each measurement amplifier the resistor R501 and the potentiometer P52
are used in series for dc adjustment with respect to the measurement voltage dividers
R310/R311 and R410/R411 in the output stages, respectively. The potentiometer P51
and the capacitor C501 are used for ac adjustment.

HV6 performance

The performance of amplifier HV6 was tested in two different test environments. The
first is the same as used for HV1. The output voltage is measured with the commercial
high-voltage differential probe (Testec, TT-SI19010), which is the only load in this mea-
surement. The input voltage is measured directly and the monitor voltages through the
measurement amplifiers connected to the monitor ports. All values are recorded with the
same oscilloscope (Tektronix, MSO2014). Each output stage delivers a separate monitor
signal against ground. The two signals are subtracted to obtain the monitor value of the
differential voltage between both high-voltage output ports. Additionally, the sum of the
monitor signals are a measure for the imbalance between both output signals. This value
should be kept at zero by adjusting the dual gang potentiometer P1 in the input amplifier
(see figure 4.14).

For each measurement the differential output voltage is set to 1.7kV. The voltage
gain measured with the differential high-voltage probe is compared to the voltage gain
calculated with the summed up monitor signals in figure 4.17(a). The voltage gain of all
shown frequency response curves is calculated from equation (4.3). The monitor signal is
proven to be an adequate measure of the output voltage, as it is in good agreement with
the high-voltage signal, measured with the commercial probe, up to a frequency of 50 kHz.
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Figure 4.17.: Measured frequency response curves of HV6. The output voltage is set to 1.7kV.
(a) Voltage gain measured with the differential probe compared to the combined monitor values.
(b) Voltage gain calculated from the monitor signal for three different capacitive loads and an
output voltage of 1.7kV. Also shown in [169].

For higher frequencies, the monitor values are too small by up to 10 %, what has to be
taken into account during operation.

For the second test setting, the high-voltage probe is replaced by a home-made parallel-
plate capacitor filled with air (see figure 4.18). The amplifier is intended to drive the linear
Paul traps. The traps and the associated connections and feedthroughs mean a capacitive
load on the order of 10 pF to the amplifier. Thus, the distance between the capacitor plates
is adjusted to set the capacitance to 5 pF, 10 pF and 20 pF, respectively. In these measure-
ments only the monitor ports in combination with the measurement amplifiers are used to
observe the output voltage. Measurements are performed for the three different capacitive
loads at three different output voltages (500 Vpp, 1000 Vy,, and 1700 Vyp), respectively.
The results are summarized in table 4.1. One can see that the usable frequency range
of amplifier HV6 depends on the load and on the output amplitude. For the maximum
output voltage of 1.7kV the frequency response curves are shown in figure 4.17(b). The
maximum output amplitude of 1.7kV,,, is determined by the specifications of the transis-

meter

air-filled
-~

. ‘s 4
capamtorl . linear stage

Figure 4.18.: Home-made parallel-plate capacitor with air as dielectric. The capacitance is ad-
justed by moving one plate on a linear stage.
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Load ‘ Output voltage | Frequency range
5pF 500 Vpp 10 Hz-1.2 MHz
1000 Vpp 10 Hz-500 kHz
1700 Vpp 20 Hz-200 kHz
10 pF 500 Vpp 10 Hz-1 MHz
1000 Vpp 10 Hz-300 kHz
1700 Vpp 20 Hz-100 kHz
20 pF 500 Vpp 10 Hz-600 kHz
1000 Vpp 10 Hz-200 kHz
1700 Vpp 20 Hz-100 kHz
Testec, 500 Vpp 10Hz-1.8 MHz
TT-S19010 1000 Vyp 20 Hz-900 kHz
(20 MQ2 || 5 pF) 1700 Vpp 20 Hz-300 kHz

Table 4.1.: HV6 amplifier performance

tors: more precisely, by their maximum collector-emitter voltage of 350 V. Higher output
voltages can be reached but not without going outside the specifications. For instance,
operation for several hours at 2kV,, was successfully tested but cannot be guaranteed
for the long term. For the approved maximum output voltage of 1.7kV,, the amplifier
HV6 can be used over a frequency range spanning four orders of magnitude from 20 Hz
to 100 kHz under a load of 10 pF. With the mentioned 10 % discrepancy between monitor
and high-voltage output, the real frequency response of HV6 seems to be even better than
shown in figure 4.17(b). However, the lower part of the usable frequency range is affected
by the input coupling capacitors C301 and C401 and the capacitors C302 and C402, and
the upper part by the transistors. With more powerful transistors it should be possible to
further improve the performance of HV6.

Similar to HV1, the input has to be adjusted as a function of the frequency in order
to keep the output voltage constant. The cutoff frequencies are identified by the total
harmonic distortion (THD) of the monitor signals. As shown through testing with the
differential high-voltage probe, distortions observed in the monitor signals affect the high-
voltage output to the same extent. The recorded signal was Fourier transformed and the
THD was calculated from the effective voltage amplitudes V,, of the first m > n harmonics
contributing to the output signal using [174]

1
THD = —

The index n = 1 represents the fundamental harmonic at the frequency of the input
signal. For the measured frequency response curves a THD of up to 3% is accepted. In
figure 4.19 two example waveforms and their Fourier transforms can be seen, with THD
lower and higher than 3 %, respectively. Figure 4.19(a) shows the monitor signal for an
output voltage of 1.7kV,, under a load of 10pF at a frequency of 100kHz. The Fourier
transform of this signal in figure 4.19(b) shows the fundamental harmonic and only a few
higher harmonics with much smaller amplitudes. The THD is calculated to be 0.7 %. The
signal in figure 4.19(c) is obtained under the same conditions but at a frequency of 200 kHz.
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Figure 4.19.: Waveform distortion of output signals of HV6. Recorded differential monitor signal
for an output voltage of 1.7kV,, under a load of 10 pF. (a) Waveform and (b) respective Fourier
transform of a signal with 100 kHz and THD of 0.7 %. (c) and (d) show a signal with 200 kHz but
otherwise the same conditions. The THD is already at 7%. Also shown in [169].

Now, more higher harmonics with significantly higher amplitudes can be identified in the
Fourier transform shown in figure 4.19(d). For this case the THD is calculated to be 7%,
and thus, 100 kHz is determined as the maximum frequency for HV6 for this load and this
output voltage.

Both amplifiers are used to drive the linear Paul traps introduced in section 4.1. While
HV1 is predestined for asymmetric and HV6 for symmetric trap driving, both amplifiers
can be used with both traps. In contrast to HV1, HV6 is sustained short-circuit and
earth-fault proof. Thus, the amplifier system HV6 will not be damaged by short circuits
on the output side, which is successfully tested by a short-circuit test run for over an
hour. The usable frequency range of HV1 spans over two orders of magnitude from 700 Hz
to 20kHz, while HV6 can be operated over a frequency range spanning four orders of
magnitude from 20 Hz to 100 kHz at comparable values of the output voltage. Assuming
constant particle charges and constant trap voltage amplitudes, the frequency ranges can
be translated into ranges of particle masses, using equation (3.11), that can be stabilized
within the available frequency range. A mass range spanning three orders of magnitude
for HV1 and seven orders of magnitude for HV6 can be calculated. For spherical particles,
the mass scales with the cube of the radius. Thus, the particle radius can vary within one
order of magnitude for HV1 and more than two orders of magnitude for HV6. This range
can be further expanded by changing the trap voltages and the particle charges as well.
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4.3. Linear Paul Trap Integrated in Optical Microscope

A home-made optical microscope was set up for optical detection and analysis of trapped
particles. Almost any kind of particle can be isolated, in either the end-cap or the seg-
mented trap, and investigated by different microscopy and spectroscopy methods: detec-
tion of fluorescence emission under wide-field or confocal excitation is possible, as well as
of scattered white light under dark-field illumination. A major advantage is the absence
of coverslips or other substrates in the trap. Thus, background emission is significantly
reduced, compared to supported particles. The optical setup used with the traps is pre-
sented subsequently to brief introductions to the different microscopy techniques in this
section.

4.3.1. Optical Microscopy

Optical microscopy is the most frequently used method to obtain magnified images of small
samples. It is a versatile and essential technique especially for scientific research [54]. In
conventional wide-field microscopy the sample is illuminated homogeneously with light.
With an objective lens, often called microscope objective, light from the sample is collected
and a real image is formed inside the microscope. This image is magnified by an ocular lens,
also called eyepiece, which results in an inverted virtual magnified image of the sample.
As is the case in this thesis, CCD cameras or other detectors are often used without any
eyepiece. The light is focused in the image plane which coincides with the location of the
detector. In addition, modern infinity-corrected microscope objectives can be used which
send out a collimated beam, which is focused by a tube lens in front of the detector. The
space between objective and tube lens can be used to insert auxiliary components to filter
and shape the beam without introducing image errors. In the following, some important
properties of such an optical system are explained.

Magpnification

The magnification of a microscope is usually given by the magnification of the objective
times the magnification of the eyepiece. For infinity-corrected systems the magnification
given by the microscope objective is only valid in combination with the appropriate tube
lens. Using a CCD camera in the image plane, the overall magnification depends on
the microscope objective and the pixel sizes of the detector and screen instead of the
magnification of an eyepiece.

Numerical aperture

The numerical aperture (NA) is a measure of the acceptance angle of a microscope objec-
tive. The dimensionless NA can be calculated using

NA = nsina, (4.5)

with the refractive index of the surrounding medium n and the maximum angle to the
optical axis a under which light can enter the objective. For microscope objectives used
in air (n = 1.0), NA values of up to 0.95 can be reached. This value can be increased even
further by using oil immersion objectives, where the volume between the front lens of the
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microscope objective and the sample is filled with immersion oil with n > 1. Different
synthetic oils can be used to increase the index of refraction n in order to achieve NA
values of up to 1.4 and even higher [177].

Resolution

The resolution of an optical microscope is defined by the minimum distance between two
points that can still be distinguished. The capability to resolve the two points is limited
by the wave nature of light and can be expressed by the point spread function (PSF). The
PSF describes an imaging system by giving the three-dimensional image obtained from a
single point emitter. For diffraction-limited systems, whose resolution is limited only by
diffraction and not by imperfections of the optical system, only the numerical aperture and
the wavelength determine its shape. The image of an arbitrary sample is the actual object
appearance convolved with the PSF of the microscope system. Knowledge of the PSF can
be obtained by imaging a very small point-like emitter [178] and allows improvement of
images by deconvolution [179]. Typically, the lateral resolution limit Az is given by the
Rayleigh criterion, which states that two equally bright points can be distinguished when
the intensity maximum in the Airy pattern of one point coincides with the first minimum
in the Airy pattern of the other point [180]. It can be calculated as follows

A
Az =0.61—. 4.6
x NA (4.6)
To reach high resolution, a high numerical aperture and shorter wavelengths should be
used. With X-ray or electron wavelengths the resolution can be further increased [181-183].
In the optical regime the resolution limit can be improved through confocal techniques [184]
or even surpassed by using optical near-field techniques [185,186].

4.3.2. Confocal Microscopy

In confocal microscopy only one point is illuminated at a time. This can be done by
imaging a point-like light source into the sample. More often a laser is used instead,
brought into the optical path by a beam splitter and focused by the objective lens, as
shown in figure 4.20(a). For detection the objective lens images the focal point on a pinhole
(solid red lines in figure 4.20(a)). Light not stemming from the focal point (dashed red
lines) is suppressed by a spatial filter, consisting of a pinhole at the focus point between
two lenses forming a telescope. The confocal point spread function is obtained from the
product of the point spread functions of the illumination and the detection. This increases
the optical resolution of the microscope, which is in the lateral direction improved to

A

Ax = 0.44ﬁ. (4.7)
Even more important than the higher resolution is the reduced signal from regions outside
the focal point with the result of a heavily increased signal to noise ratio. To obtain
a full image, the sample has to be scanned, as only one point per time can be imaged.
In this thesis, confocal microscopy is used to reduce the background signal during the
investigation of single nano- and microparticles without scanning. The pinhole sizes are
chosen according to the specific particles and applications.
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Figure 4.20.: Schemes of (a) confocal and (b) dark-field microscopy. The tube lens as part of the
detector system is not shown.

4.3.3. Dark-Field Microscopy

In dark-field microscopy the illuminating light is not detected directly. This can be done
by blocking it or by aligning the beams in such a way that it is not collected. A possible
scheme is shown in figure 4.20(b). White light passes an annular aperture which blocks
out the central light rays. The resulting hollow beam is focused, so that only oblique
rays reach the sample. When the NA of the objective lens is smaller than the NA of
the condenser lens, the annular aperture can be adjusted to block all light that would
enter the microscope objective. The result is that light only scattered from the sample is
collected. The observed structures appear as bright objects on a dark background. The
resolution is the same as for conventional bright-field microscopy, but different features
are enhanced which might change the optical character of the images [54]. In addition
to the shown configuration, different illuminating techniques are known. For example,
often illumination and detection occurs from the same side by oblique beams focused onto
the sample from around the microscope objective. In this thesis, dark-field microscopy is
used to image levitated particles in the trap and gold nanoparticles on a glass coverslip.
Furthermore, white-light scattering spectra are obtained under dark-field illumination.

4.3.4. Optical Setup

The scheme of the microscope setup with integrated Paul trap is shown in figure 4.21.
The trap is mounted in front of an optical microscope (Olympus, LMPLFLN 50x) with
a numerical aperture of 0.5. The long working distance of 10.6 mm is necessary to main-
tain a safe distance from the high-voltage electrodes of the trap. The trap is attached
to a two-axis translation stage (Physik Instrumente, M-112.1VG in combination with M-
110.1VG), which is used to align the trap in the two radial directions. Alignment of the
particle position in the axial trap direction is done by individually adjusting the electro-
static potentials in the trap segments. The position of the microscope objective can be
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controlled roughly by a mechanical translation stage and finely by a linear piezoelectric
actuator (piezosystem jena, MIPOS 100). For excitation, green light from a water-cooled
argon-ion laser (Spectra Physics, BeamLok 2080) with a wavelength of 514.5nm and an
optical output power of continuous wave emission up to 1 W is used. The laser light is
spatially filtered by a single-mode optical fiber, and spectrally by a laser line filter. The
resulting collimated beam has a Gaussian profile and is nearly monochromatic. Adjust-
ment of the laser intensity is performed linearly using a neutral density (ND) filter wheel.
For particle detection and fluorescence excitation, the laser light can be focused into the
trap from two different directions, switchable by a flip mirror. A beam sampler with a
reflectivity of about 5% (Thorlabs, BSF10-A) is used to send the laser light to the mi-
croscope objective for focused excitation or, in combination with a wide-field lens (focal
length 50 mm), for near homogeneous illumination. The light can also be slightly focused
by a lens (focal length 50 mm) and sent into the trap from the side. A part of the fluo-
rescence emission from the particle stabilized in the focus is collected with the microscope
objective and sent to detection through the beam sampler with a transmittance of about
95%. Long-pass filters (Omega Optical, 538ALP or Schott, OG550) block the reflected
excitation light and a confocal pinhole (different diameters up to 1 mm, confocal telescope
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Figure 4.21.: Schematic of the optical microscope setup with integrated linear Paul trap.
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length 2 x 20 mm) can be used for spatial filtering. Using another flip mirror, the light is
eventually detected by a CCD camera (PCO, pco.1300) or spectrally analyzed by a spec-
trograph (Acton Research Corporation, Spectra Pro 2500i) in combination with a liquid
nitrogen-cooled camera (Princeton Instruments, LN/CCD-1K-EB). For fluorescent parti-
cle samples it has proven useful to use a dichroic mirror instead of a flip mirror in front
of the CCD camera. In this way, the particle can be observed with the CCD camera by
the green scattered laser light, while simultaneously detecting the dispersed fluorescence
emission with the spectrometer, which enables adjusting the particle position with respect
to the microscope focus during long-time measurements. When the confocal pinhole is
used with this combination detection scheme, the camera image quality is reduced due to
chromatic aberration of the telescope lenses, but the particle position can still be suffi-
ciently determined. Optionally, white light from a halogen lamp can be directed into the
trap for dark-field imaging and scattering spectroscopy. Detection of the scattered white
light is similar to the detection of fluorescence light, but without the long-pass filters and
the dichroic mirror.

In figure 4.22 a photograph of the whole microscope setup on an optical table can
be seen. The trap and the microscope objective are located in a vacuum chamber (see
figure 4.4). The beam paths are bordered by metal shields and covered by cardboard lids
to reduce background light during the measurements.

a8 | <= 32N
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Figure 4.22.: Photograph of optical microscope setup with linear Paul trap in vacuum chamber.
The excitation and detection beam paths are indicated by green and red lines, respectively.
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4.4. Vacuum Chamber

To further isolate trapped particles, the trap is integrated in a vacuum chamber, which also
houses the linear stages and the microscope objective. The vacuum chamber, which has
an inner diameter of 26 cm, can be seen in the photograph of figure 4.22. Several electrical
feedthroughs are used to apply the trap voltages and to connect the stages. Optical
access is ensured by two glass windows and an acrylic glass cover. The pressure inside
the chamber can be measured by a Pirani gauge (VEB Hochvakuum Dresden, VM221) or
a gauge that combines Bayard-Alpert and Pirani measurement systems (Leybold Inficon,
IR090). A pump stand (Pfeiffer, TSH 064D) consisting of a diaphragm pump and a turbo
drag pump is used to decrease the pressure down to 10~% mbar.

Instead of reducing the pressure, the air inside the chamber can also be exchanged with
an industrial gas like nitrogen or helium. This could be used to reduce humidity, change
the refractive index, prevent chemical reactions or as buffer gases. The gases are brought
into the chamber by a gas inlet which can be sealed by a valve.

Ambient Conditions

Most of the measurements for this thesis are done under atmospheric pressure and the
vacuum chamber is only used as a shield against air currents. Under ambient conditions
particle trajectories are damped due to air-friction as indicated in figure 3.5. This damping
facilitates stabilization, especially trapping of particles with different specific charges at
the same time, as it is done for the electrostatic assembly of custom particle compounds
in the trap presented in section 5.4.

Evacuation

For thermal isolation of trapped particles from the environment, the vacuum chamber has
to be evacuated. Restricted by the ionization method (see section 4.5), which works at
ambient conditions, the particles are injected into the trap under atmospheric pressure.
Thus, the particles must be transferred from ambient to vacuum conditions after ioniza-
tion. This can either be done with differential pumping stages [187,188], or by trapping the
particles at ambient conditions and reducing the pressure afterwards. The latter is used in
this thesis. Subsequent evacuation requires special attention to avoid gas discharges and
electrical sparkover between the trap electrodes. Both effects can cause loss of the trapped
particles and can even damage the trap and the electronics. Gas discharges can be ex-
plained by free charges which are accelerated in the field between the electrodes [189]. The
two dominating effects are electron impact excitation or ionization of neutral molecules
and electron emission from the electrodes by ion bombardment [190]. For a homogeneous
static electric field Paschen’s law [191] gives the breakdown voltage Vi eqr as a function of
the pressure p and the electrode distance d as

Bpd
In (Apd) —In[In (1 + %)] ’

%reak = (48)

with A and B being roughly constant for a given gas. The coefficient v accounts for
the secondary electron emission from the electrodes. A Paschen curve for air is plotted
in figure 4.23. A minimum breakdown voltage can be identified. Starting from this
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Figure 4.23.: Paschen curve for air with A = 11.25Pa~'m~!, B = 274Pa~'m~! and v = 0.01
[192]. For example, a minimum electrode distance of d = 3 mm results in a pressure around 370 Pa
for the minimum breakdown voltage.

minimum, Vj,eqr increases with the product p x d because of a decreasing kinetic energy
of the free charges, either by a reduction of the electric field due to an increasing electrode
distance or by a reduction of their mean free path due to a higher pressure with a higher
collision probability. For decreasing values of p X d smaller than the minimum value, the
breakdown voltage rises again, as the distance between the electrodes becomes too short or
the amount of remaining molecules is too low for impact ionization. The shown Paschen
curve is valid for static voltages. For oscillating voltages the values of the breakdown
voltage increase slightly with frequency up to 20kHz [193], but decrease for even higher
frequencies (> 500kHz) below the static breakdown voltages [194]. From this data, it
becomes clear that the trap voltage needs to be reduced as a function of the pressure
during evacuation in order to avoid particle loss due to discharges.

4.5. Electrospray Injection

Electrospray ionization is used for charging and injection of particles into the trap. Com-
pared to other ionization techniques [195], like electron impact ionization, chemical or
laser ionization methods, electrospray ionization offers several advantages. It is a so-called
soft ionization technique used for molecules, but also for heavier objects like nano- and
microparticles. Electrospray ionization avoids fragmentation or modification of the sample
and offers high flexibility, as the charge sign of the final charged particles can be changed
by switching the applied voltage. The invention of electrospray ionization enabled charging
and vaporization of larger molecules and became a widely-used tool in mass spectrome-
try [196-198], which was honored by the Nobel prize in chemistry awarded to John B.
Fenn in 2002 [199,200].
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4.5.1. Electrospray lonization

The general mechanism of electrospray ionization is depicted in figure 4.24. The sample
material is dissolved or dispersed in a polar liquid. This mixture is pumped through a
metal capillary, which is connected to a high static potential with respect to ground. In
the electric field between the tip of the capillary and a grounded counter electrode, the
so-called Taylor cone is formed [201]. With a positive capillary potential, as shown in
the schematic, the metal capillary is the anode and the counter electrode is the cathode.
The liquid cone forms because of positive ions which are drawn out along the electric
field. Inside the capillary negative ions are attracted from the anode and move in the
opposite direction [202]. When this charge separation does not stop due to a balanced field
inside the liquid, the cone will become destabilized. Eventually, the Coulomb repulsion
exceeds the surface tension of the liquid cone and charged droplets are ejected from its tip.
Depending on the strength of the field, this occurs in one or more jets of droplets [203].
The created droplets are accelerated in the electric field and pass through the central hole
of the cathode. Evaporation of the solvent reduces the droplet size down to a critical
minimum, which is called the Rayleigh limit. Beyond this limit the surface tension of
the droplet can no longer counterbalance the Coulomb repulsion and the droplet ejects
fine jets of smaller charged droplets [204]. According to the Rayleigh limit, the maximum
amount of charge gmq, that can be carried by a liquid droplet with radius R and surface
tension «y can be written as [202]

Qmax = 8m V 507R3’ (49)

To explain the final charge of the particles after evaporation, two different models can be
used depending on the possible final size of the droplet [205]. The Charge Residue Model
claims that evaporation and droplet fission continue until the solvent is gone. Eventually,
only the particles or analytes from the droplets will remain, with the surface charges of
the former droplet. If the droplets reach sizes smaller than 20 nm in diameter, the Ion
Evaporation Model can be considered, which suggests that ion emission occurs directly
from the droplet due to the strong electric field at the droplet surface. However, as all
particles used in this thesis are significantly larger than 20 nm, the charge residue model
is sufficient for these experiments.

The charge sign of the injected particles can be selected by the polarity of the voltage
applied to the metal capillary. Generally, electrospray ionization has to be performed
under ambient pressure. At reduced pressures, evaporation of the solvent is dramatically

~sample charged
in solution Taylor  qroplet
: I

evaporation charged
P oF particle

+
L) — G — iy —

+o
Coulomb -+

metal capillary 1! T I counter fission
= electrode

Figure 4.24.: Scheme of electrospray ionization.
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increased and freezing of the capillary may occur [206]. This could be circumvented by
heating the capillary [207]. Furthermore, special solvents like glycerol could be used with
reduced pressures [208] but with the disadvantage of a very high viscosity.

4.5.2. Electrospray Injector

The electrospray injector, used in most experiments of this thesis, can be seen in the
photographs of figure 4.25. It consists of a glass syringe (Fortuna Optima, 2 mL Glass
Luer) with a metal cannula (Hamilton, 91039) mounted in a holder made of standard
optical posts. Individual syringes and cannulas are used for different sample mixtures
to avoid cross-contamination. The cannula has an inner diameter of 130 pm, an outer
diameter of 470 pm and a flat point. Depending on the chosen solvent, the polarity, and
the distance between the cannula tip and the counter electrode, a static voltage of 1.7 to
3.5kV from a high-voltage power supply (Stanford Research Systems, PS 300) is applied
between the cannula and the grounded counter electrode via an SHV (safe high voltage)
connector. During operation the injector is placed outside the vacuum chamber in such a
way that the injector is directed to the front end of the used linear trap with a distance
of 20 to 30 mm between the counter electrode and the trap. The injector stands on a
magnetic base that allows for easy positioning and removal. By applying weak pressure
on the plunger of the syringe, it is ensured that enough solution is available at the tip of
the cannula for the electrospray process.

A motorized injector was also developed during this thesis, but could only be used
in larger housings due to the limited space inside the vacuum chamber. For future ex-
periments it might be worthwhile to use an automated injector with smaller dimensions.
However, the manual injector offers some advantages concerning flexibility and loading
speed.

syringe

cannula I

counter
electrode

Figure 4.25.: Electrospray injector. (a) Injector mounted on magnetic stand. (b) Close-up of the
injector. The schematic explains the important parts of the photograph in b.
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4.6. Trapping and Characterization of Particles

After presentation of the main constituents of the trap setup, the most important ex-
perimental techniques used in this thesis are explained in detail in the following section.
This includes the preparation of the sample material and the subsequent injection into the
trap by electrospray ionization, the stabilization of particle trajectories in the trap, the
characterization and handling of confined particles as well as different kinds of particle
characterization.

4.6.1. Sample Preparation

For investigation of particles in a Paul trap, the specific sample solution has to be prepared
first. All particles used in this thesis are obtained in aqueous solution from commercial
suppliers. To reduce the high initial concentration, the samples are diluted in ethanol. In
the beginning water was used as dilutant, but was later replaced by ethanol. The higher
volatility of ethanol reduces the risk of liquid conducting paths developing between the
trap electrodes during electrospray injection (see section 4.5). Depending on the particles
and their initial concentration, different dilution steps are necessary to obtain a satisfying
concentration. Typical values of the solid contents of the final solutions are in the range of
107° to 102 wt% (percentage by mass), to obtain a mean particle number per electrospray
droplet of less than one. The preparation is completed by filling the solution into a glass
syringe which is mounted into the electrospray injector.

4.6.2. Particle Injection and Axial Isolation

As described in section 4.5, electrospray ionization is used to charge and inject particles
into the trap. Due to the nature of the electrospray process all charged solvent droplets
carry approximately the same amount of charge. Thus, almost independent from the
actual particle sample, the droplets reaching the trap have similar specific charges % for
a particular solvent, and initial stabilization is done under the same conditions. Typical
trap parameters for particle injection are V,. = 1kV for the ac amplitude, Q = 27 X
2kHz for the angular frequency and U, = 10V for the axial trapping voltage. When the
solvent evaporates, the specific particle charges increase and further adjustment of the trap
parameters may be required. For this, the trap parameters can be changed individually up
to Ve = 1.5KkV, Q =27 x 100kHz and U, = 120 V. This cannot be done before particle
injection, because the oscillating electric field outside the trap shields the trap center very
efficiently. In particular, when the frequency is too high, injected particles are deflected
from the trap. To allow particles to reach the trap center, the trap parameters are slightly
detuned.

Usually, more than one particle is trapped during injection. Due to the Coulomb repul-
sion from their charges, the trapped particles line up in a linear Coulomb crystal, as shown
in figure 4.26(a). The one-dimensional particle structure changes to a two- and even a
three-dimensional configuration [209], when the particle number is further increased, or
the ratio between radial and axial confinement is reduced in order to compress the crystal
in axial direction, as shown in figure 4.26(b). Most of the particles are not stabilized on the
trap axis anymore, giving rise to an increased micromotion, that scales with the distance to
the center of the trap (compare to equation (3.33) and figure 3.4(e) and (f)) [210]. Similar
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Figure 4.26.: Polystyrene beads with diameters of 100 nm in the segmented Paul trap. (a) Linear
Coulomb crystal, typically observed after particle injection. (b) Three-dimensional crystal as a
result of a reduced ratio between radial and axial confinement. (c) Single, isolated particle in front
of the microscope objective. (d) Five particles in one segment form a linear Coulomb crystal. The
trap is observed from the side in (a)-(c) and from above in (d).

crystals, made of atomic ions, can be used as simple model systems to investigate crystal
topologies and defect formation [84,211]. However, isolation of a single trapped particle is
desired for optical spectroscopy in this thesis. In the segmented trap, particle isolation is
done by switching the axial potentials, in order to separate an individual particle from the
others. The single particle is transferred to the segment observed by the microscope objec-
tive, while the remaining Coulomb crystal is usually stored in a distant trap segment for
subsequent measurements. When the investigated particle does not meet the requirements
in terms of size or optical properties, but also when several particles of the same sample
should be tested successively, particles are released from the trap by pushing them out at
the unblocked end. Then, another particle is separated from the crystal and transferred
to the microscope objective segment. The photographs in figure 4.26(c) and (d) show a
single particle in front of the microscope objective and a linear Coulomb crystal formed
by five particles confined in one segment, respectively.

Once trapped, the particles can be stabilized for several hours and even days. When
brought into the microscope focus, particle stability can be further improved, as exempli-
fied with a submicron diamond particle in figure 4.27. The initially large macromotion
shown in figure 4.27(a) causes the large micromotion shown in figure 4.27(b), observed for
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Figure 4.27.: Stabilization of a diamond cluster (estimated overall diameter: 2.5 um) in the radial
(vertical image axis) and axial (horizontal image axis) trap directions. (a) Large macromotion
causing a (b) large micromotion trajectory observed for trap parameters used for particle injection.
(¢) Improving the confinement by increased trap parameters reduces the macromotion, which causes
also a (d) reduction of the micromotion. The particle positions for the macromotion measurements
in (a) and (c) are determined by tracking the center of the time-averaged micromotion trajectory.
(b) and (d) are microscope images. The exposure time for (b), (d) and each data point in (a) and
(c) is 1ms. From [212].

trap parameters used for particle injection with the aforementioned values. As known from
equation (3.21), the micromotion is proportional to the deviation of the particle position
from the center of the trapping field. Thus, by reducing the macromotion the micromotion
can be reduced as well. This is done by improving the confinement, in this case by increas-
ing the trap parameters to V,. = 1.25kV, Q = 27 x 10kHz and U, = 100 V. The higher
frequency leads to a decrease of the macromotion amplitude, as shown in figure 4.27(c),
which causes a reduction of the micromotion, as shown in figure 4.27(d). In the end, the
particle is confined to 1 pm in the radial as well as in the axial direction around the trap-
ping center. A further improvement could be achieved by a stronger confinement. Actual
limitations are the residual thermal motions as well as imperfections of the trapping field
due to unwanted interference fields and deviations from the ideal electrode geometry (see
section 3.2).

The explained injection and stabilization schemes also apply for the end-cap trap. The
only difference is that particle separation in the axial direction is not possible. Trapping
of more than one particle has be avoided during injection. Therefore, a trapped particle
has to be released after characterization and a new one has to be injected for subsequent
particle investigation.
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4.6.3. Estimation of Particle Charges

The charges of the trapped particles are estimated by measuring the axial distance of two
particles isolated in one segment. According to equation (3.47), the static potential in the
axial direction can be written as

D, = ”"U; 22, (4.10)
20

Here, the defocussing radial components are neglected. This is justified for segments which
are long compared to the radial trap dimension (29 > rp), and when the radial potential
is much larger than the axial one [160]. Due to Coulomb repulsion between two particles
with the same charge polarity, the equilibrium position of each particle is found, where
the Coulomb force F¢ is compensated by the restoring force F), of the axial trap potential
exerted on each particle. Assuming equal charge values @, the following relation holds
true for particle i (i = 1,2)

Fo = F., (4.11)

1 Q* 2QkxU.d
— = —. 4.12
dmey d? 2 2 (4.12)

With the axial distance d between both particles, ) is obtained from

47['60

Q= U.kd’. (4.13)

24
The geometric factor of the segmented trap is estimated to be x = 0.1 with a similar
linear trap [213]. This is in good agreement with other reported values [214,215]. Typically,
for a segment voltage of U, = 20V, particle distances of 1 mm to 2mm are measured,
corresponding to particle charges of 1071 C to 1074 C. This is equal to an absolute
number of elementary charges on the surface of each particle on the order of 10* — 10°.

4.6.4. Optical Characterization

A particle stabilized in the microscope focus is observed with the CCD camera. Different
images are obtained with different illumination methods (see section 4.3.1 for details).

Figure 4.28.: Images of a trapped 100 nm dye-doped polystyrene bead. (a) Particle fluorescence
obtained under laser excitation. (b) Dark-field images obtained from laser or white-light scattering.
The diffraction pattern is explained by the trap electrodes and holders that form a rectangular
aperture. From [216].
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Fluorescence from optically active particles, as shown in the photograph in figure 4.28(a),
is excited with the laser. When the collected light is sent to the spectrometer instead
of the CCD camera, the particle signal can be spectrally analyzed. The scattered laser
light itself is split from the fluorescence signal with a dichroic mirror (see section 4.3.4 for
details). In this way, the particle position can be observed with the CCD camera from
scattered laser light (and corrected if necessary), while the fluorescence light is spectrally
dispersed and imaged by the spectrometer. A scattering image of the particle can be seen
in figure 4.28(b). The particle can also be illuminated with white light from a halogen
lamp for dark-field scattering images.

4.6.5. Deposition of Particles

For accurate size measurements and further manipulation, trapped particles are deposited
on cleaved fiber end faces, where they are found without much effort in the clean and
relatively small area of the facet. Large particles are visible in an optical microscope. For
smaller particles, but also for exact size determination, an atomic force microscope (AFM)
is used.

Deposition on Fiber Facets

Deposition of levitated particles for further analysis is best done on a planar surface. For
instance, the cleaved end face of an optical fiber offers a clean and delimited area, on which
deposited particles can be easily retrieved. Another advantage is the small fiber diameter,
which allows for insertion of the fiber between the electrodes into the center of the trap.
In figure 4.29 a simplified schematic of the deposition setup is shown.

Levitated particles are characterized by optical spectroscopy with the microscope setup
shown in figure 4.21. Once a suitable particle is identified, the fiber is moved into one
end of the trap, while the particle is transferred to this end by changing the segment
voltages. The deposition is facilitated by always-present charges on the surface of the fiber
due to friction from cleaving. Usually, the fibers are positively charged and thus attract
negatively charged particles. But positively charged particles can also be deposited by
using a negatively charged droplet of ethanol from the electrospray injector to change
the charge polarity of the fiber tip. When the levitated particle is close enough, it is
drawn to the fiber surface and hits the cleaved facet, if the fiber position is properly

out-coupled .
. microscope
laser light C
objective
cleaved
fiber | 1 I I | laser
"‘ [ I[ I[ I[ |
Paul trap
with particle

Figure 4.29.: Schematic setup with cleaved optical fiber in segmented trap. The full microscope
setup is shown in figure 4.21. This method also applies for the end-cap trap.
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Figure 4.30.: Particle deposition on the cleaved facet of an optical fiber. (a) Particle and fiber
seen by scattering of laser light. The free laser beam is directed along the trap axis and partially
coupled into the fiber. (b) When the particle is close enough, it is attracted by the fiber due to the
opposite charges, and (c¢) lands on the fiber facet. Note: the photographs show the deposition of a
compound particle (see section 5.4). No difference is seen when only a single particle is deposited.
From [216].

adjusted to the trap center. This is ensured by observing the laser light which is directed
along the trap axis and coupled into the fiber during the alignment. When the light,
coupled out at the distant end, is maximized, the fiber end inside the trap is centered.
During characterization, transfer and deposition, the levitated particles are observed by
scattering of the free laser beam. The photographs in figure 4.30 depict the deposition
process. Although only the segmented trap is shown here, particles from the end-cap trap
can be deposited on a fiber facet as well. Mounted on a motorized linear stage, the fiber
can be moved into each trap along the axis. In this thesis, the fibers are inserted on-axis
into the traps, but due to the small fiber diameter, this technique is also applicable with
the fiber entering the trap perpendicular to the trap axis, between the electrodes.

Atomic Force Microscope

An AFM is a scanning probe microscope with the capability to resolve atomic structures
[217]. Structures of a few nanometers and smaller, which are well below the diffraction
limit of light, can be imaged [218]. The operating principle is shown in figure 4.31. A
thin cantilever with a sharp tip, usually made of metal-coated silicon, is moved over the
sample surface. The cantilever can be described as a leaf spring in the potential defined
by different forces between the tip and the sample, for example van der Walls, capillary,
electrostatic, or magnetic forces. Depending on the distance to the sample surface, the
deflection of the cantilever is changed during the measurement. This is detected by a laser
reflected from the upper side of the cantilever into a quadrant photodiode. A feedback loop
can be implemented to keep the deflection at a constant value by adjusting the height of
the tip with a linear piezoelectric actuator. The resulting AFM scan is an image depicting
the topography of the investigated area.

According to the actual application, different operating modes can be used, which can be
divided into contact and non-contact modes [219]. The contact mode is a static mode, used
to move the tip with full contact to the sample over the surface and record the deflection
of the cantilever or the control value of the height feedback loop. In contact mode, the
cantilever tip can also be used for sample manipulation, especially for moving [220] and
transferring single nanoparticles [221]. For the dynamic non-contact mode the tip is held
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Figure 4.31.: Schematic of an atomic force microscope (AFM).

above the surface and is driven to oscillate close or on its resonance frequency by the
piezoelectric actuator (typically with 50kHz to 300 kHz). Due to the surface potential,
the amplitude and the resonance frequency change with the distance between the tip and
the sample. Using the feedback loop, the oscillation frequency or the amplitude is kept
constant by adjusting the tip height. Information about the sample topography can be
acquired from frequency, amplitude or phase measurements. Most AFMs also offer an
intermittent contact or tapping mode, which is similar to the non-contact mode but with
larger oscillation amplitudes of the cantilever (typically >100nm instead of a few tens of
nm) [219]. Periodically occurring approaches to the sample surface reduce the oscillation
amplitude of the cantilever, which are monitored by the feedback loop, giving a measure
for the surface roughness. The non-contact modes preserve the sample more in its original
state during measurements than the contact mode, making it the method of choice for
imaging of sensitive samples. Wear on the cantilever tip is also reduced in this mode,
which is important for high image resolution, where artifacts due to broad or irregular
tips have to be avoided.

AFM Fiber Setup

For AFM analysis of a particle deposited on a fiber facet, the fiber is clamped in a brass
ferrule (Newport, FPH-S) and placed under the AFM (JPK Instruments, NanoWizard
BioAFM), as shown in the schematic of figure 4.32(a). By coupling light into the distal end
of the fiber, the position of the AFM cantilever is adjusted by observing its shadow in order
to facilitate the critical alignment to the fiber facet. After the cantilever is approached
to the fiber surface, the facet can be raster-scanned. An optical microscope image can
help to navigate on the fiber facet to find the placed particle by revealing characteristic
surface features, for example imperfections created during the cleaving process, in relation
to the deposited particle’s position. The photograph in figure 4.32(b) shows the fiber in
the ferrule below the AFM cantilever chip. Once found, the particle height and expanse
is measured. In contact mode one can also move the particle on the surface or try to
separate it into smaller pieces, to test whether the particle is a single one, or a cluster
consisting of several particles.
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Figure 4.32.: AFM fiber setup used for height analysis of deposited particles. (a) Schematic of
the AFM fiber setup. (b) Photograph of clamped fiber below AFM cantilever. At the left edge
of the cantilever chip a small green laser spot can be recognized, indicating the position of the
cantilever tip.

4.6.6. Transfer to Vacuum

The trap is mounted inside a vacuum chamber to isolate the particles from the envi-
ronment. In this thesis all experiments are performed under atmospheric pressure, but
transfer of levitated particles to vacuum conditions has been tested. After particle injec-
tion by electrospray ionization, the chamber is closed and the evacuation can be started.
As explained in section 4.4, gas discharges and electrical sparkover have to be avoided
during evacuation, to keep the particles within the trap. Basically, reducing the trap
voltage impairs particle stability. At the beginning of evacuation, for pressures close to
atmospheric values, a strong airflow is observable based on the motion of the particles,
actually requiring a stronger confinement. In particular, smaller particles, like diamond
nanocrystals, are easily lost under a variety of conditions. In contrast, transfer of trapped
micron-sized particles to vacuum is possible with fewer problems. For instance, WGM
spectra, obtained from a silica microsphere with an approximate diameter of 4.8 ym un-
der dark-field excitation with white light from the halogen lamp, are observed at lowered
pressures, as shown in figure 4.33(a). The peak structure shifts with the pressure, but
not linearly, which can be seen in figure 4.33(b). This behavior is attributed to evapora-
tion and condensation of humidity on the surface of the silica sphere [222,223], as such
a strong pressure dependence of the peak position is not expected for solid spheres [224].
Furthermore, similar peak shifts are observed, when the vacuum chamber is flooded with
dry industrial gases (data not shown here). The pressure inside the vacuum chamber can
be reduced down to approximately 1072 mbar. For lower pressures, the vacuum chamber
has to be improved with regard to seal tightness and outgassing. However, it is possible
to transfer trapped particles to vacuum conditions with the presented method, although
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Figure 4.33.: Shifting WGM of a trapped microsphere with an approximate diameter of 4.8 pm.
(a) By lowering the pressure, the characteristic peak spectrum is shifted to a lower wavelength.
(b) Recorded spectral position of one peak for different pressures. The first spectrum is obtained
at a pressure of 1 mbar. After a small increase (black data points), the pressure is reduced down
to 2 x 1072 mbar (red data points) and finally increased again (blue data points). The spectral
changes are attributed to evaporation and condensation of humidity on the surface of the silica
sphere.

for small nanoparticles it is necessary to refine the transfer method or use a different
ionization technique that can be applied in vacuum.
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5. Investigation and Manipulation of
Individual Trapped Particles

In the following chapter the experimental results obtained with the Paul traps are pre-
sented. The trap setup enables optical spectroscopy of various individual levitated nano-
and microparticles. In section 5.1 nitrogen vacancy defect centers in diamond crystals are
investigated. The results, which are published in Applied Physics Letters [212], show how
fluorescence from submicron diamond clusters stabilized in an electrodynamic trap can be
detected. With silver nanowires it is shown in section 5.2 that also plasmonic particles
can be analyzed in the trap. Fabry-Pérot-like resonances are observed in the scattering
emission upon white-light excitation. The results are published in ACS Photonics [225].
A variety of manipulation techniques are also developed during this thesis. Deposition of
optical active dye-doped polystyrene beads and quantum dots as well as optical resonant
silica microspheres on tapered optical fibers is demonstrated in section 5.3. The investi-
gation of these manipulation technique for functionalization of fragile photonic structures
is described in Optics Express [226]. Additionally, assembly of individual particles in the
trap is used for electromagnetic coupling of similar emitter and resonator particles. The
creation and analysis of different particle compounds is published in Nano Letters [216].

5.1. NV Defects in Submicron Diamond Clusters

The most important aspect of using a particle trap is the opportunity to isolate particles
from the environment. This not only enables single ion stabilization, but facilitates manip-
ulation of larger particles as well. In the following section, isolation and characterization
of submicron diamond clusters in a linear Paul trap is presented. The fluorescence of
included nitrogen vacancy (NV) defect centers is detected, and the particles are deposited
on fiber end-faces for exact size determination. The results presented in this section are
published in Applied Physics Letters [212].

5.1.1. Introduction

Nitrogen vacancy defect centers in diamonds show remarkable characteristics, as explained
in section 2.4.3. In addition to their application in quantum optics and quantum informa-
tion experiments [126], optomechanical interactions [227] in a single diamond nanocrystal
can also be studied, where the defect center is used as an interface between photons of
the excitation light and phonons of the crystal lattice. Optical refrigeration [228] is en-
visioned, like already shown for rare-earth-doped glasses [229] and semiconductors [230].
The cooling cycle depends on the excitation of anti-Stokes fluorescence, in which the emit-
ted photons are of higher energy than the absorbed photons. An emitter with discrete
energy levels and a high quantum efficiency is needed for this. Both are fulfilled by a NV
defect center in a nano-sized diamond crystal. In particular, the problem of re-absorption
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5. Investigation and Manipulation of Individual Trapped Particles

is negligible, as radiation trapping due to total internal reflection cannot occur in such
small systems.

The experimental needs for such an experiment are comparatively high. Most im-
portantly, the particle has to be decoupled from any environment, to maintain the high
mechanical quality factor of the diamond crystal. For this task, particle isolation in a Paul
trap is promising, as contact to substrates and other particles is prevented. Trapping of
single diamond crystals in optical dipole traps is already demonstrated in solution [231,232]
and air [233,234], but quenching of NV fluorescence has been observed due to the high
intensity of the trapping laser [233]. This behavior would not be expected from a particle
in an electric-field trap.

In the experiment described in this section, NV fluorescence is observed from submicron
diamond particles levitated in the end-cap trap. So far, no influence on the investigated
particles can be seen from the trapping method or the high amount of surface charges.
The results presented in the following are an important first step towards optomechanical
experiments with individually trapped nanocrystals.

5.1.2. NV Fluorescence from Levitated Diamond Particles

Commercial available diamond particles (Microdiamant, DiaScene 125) with an average
diameter of 125 nm are used in this experiment. The diamonds are irradiated with elec-
trons in order to increase the density of NV defect centers [235]. Unfortunately, no values
about the NV density are provided with the diamonds. The end-cap trap introduced
in section 4.1.1 is used in this experiment. For the same applied voltages, this trap en-
ables a higher pseudopotential compared to the segmented trap, and thus, ensures better
confinement of stabilized particles (see equation (3.31)). After electrospray injection (see
section 4.6.2), differently sized particles are observed in the trap by scattering of laser
light. The intensity of the scattering signal gives a first indication of the particle size.
More precise values are obtained from AFM measurements after particle deposition. Ap-
proximately, particles and clusters between 0.1 pm to 5 pm are confined. Figure 5.1 shows
a photograph of a single submicron diamond cluster levitated in the trap. The green light

Figure 5.1.: Submicron diamond cluster in the end-cap trap. To deposit the particle, the optical
fiber is moved towards the trap center. The inset shows a sketch of the trap with (1) quadrupole
electrodes, (2) end-cap electrodes, (3) mounting plates, (4) trapped diamond particle, and (5)
optical fiber with cleaved facet. From [212].
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5.1. NV Defects in Submicron Diamond Clusters

of the argon-ion laser is slightly focused from the side onto the single particle in the center
of the trap.

The fluorescence of the NV defect centers in the diamond crystal is excited with the laser
from the side or focused through the microscope objective, as described in section 4.3.4.
The emitted fluorescence light is collected by the same microscope objective and eventu-
ally detected with the CCD camera and the spectrometer. The spectra in figure 5.2(a)
show fluorescence emission obtained from levitated diamond clusters with an approximate
diameter of 2.5pm. At 575nm and 637nm the typical zero phonon lines (ZPLs) and
their large phonon sidebands of the neutral (NV?) and the negative (NV~) charge state
of the defect centers can be recognized, respectively. Because of the large number of NV
defect centers contributing to the spectrum, inhomogeneous broadening is observed for
the ZPLs [236]. The influence of the high amount of surface charges on the defect centers
is estimated by comparing the fluorescence spectra of two equally sized diamond clusters
with opposite charge polarities. The two curves in figure 5.2(a) show the measured fluores-
cence spectra obtained for a positively (black curve) and a negatively (blue curve) charged
diamond cluster of similar size. It is assumed that the surface charges do not influence
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Figure 5.2.: Fluorescence emission spectra of NV defect centers in single diamond clusters levi-
tated individually in the trap. (a) No difference in the spectral properties is found for positively
(black curve) and negatively (blue curve) charged particles. At 575nm and at 637 nm the ZPLs
of the neutral (NV?) and the negative (NV~) charge states of the defect centers can be identified,
respectively. Both diamond clusters have diameters around 2.5 pm. The black curve is offset by
100 counts to separate the two curves. (b) Fluorescence emission detected from levitated dia-
mond clusters with sizes of 900 nm (black curve) and 500 nm (blue curve). The shown spectra are
corrected for background light obtained from the empty trap. From [212].
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5. Investigation and Manipulation of Individual Trapped Particles

the NV defect centers in the large clusters, as no difference in the spectral properties is
found. With smaller particle sizes the detected fluorescence signal gets weaker, due to a
decreasing number of NV defect centers contributing to the signal. In figure 5.2(b) two
spectra are shown for individually trapped diamond clusters with diameters of 900 nm
(black curve) and 500 nm (blue curve). Identification of the spectral features of the NV
centers is challenging. In particular for the smaller cluster, only the phonon sideband
of the NV~ charge state can be identified as the signal to noise ratio is very small. For
particles smaller than 500 nm no fluorescence emission has been detected, so far. They can
only be observed in the trap by scattered laser light. This does not mean that diamond
clusters smaller than 500 nm do not contain any NV defect centers. No values are available
from the supplier, but at least one NV defect center per 125 nm diamond crystal seems to
be a realistic expectation [235].

The reason for the poor signal is the low detection efficiency of the microscope used in
combination with the trap. Although the microscope objective has a numerical aperture
of 0.5, the effective numerical aperture of the system is around 0.2, because of a reduction
of the accessible opening angle by the electrodes and the mounting plates of the trap, as
indicated in the schematic in figure 5.3. With such a low numerical aperture, only 1%
of the light emission from an isotropically radiating point source is collected. According
to the specifications of the spectrometer, the quantum efficiency of the CCD chip is 0.4.
This multiplies to 0.003 for the overall detection efficiency of the whole microscope system,
after including the losses at all optical elements which are estimated to be 25 %.

The emission rate of the NV defect center can be estimated from its lifetime. For the
transition from the excited (°E) to the ground state (*Az), described in section 2.4.3, a
lifetime of 25ns is assumed for nanodiamonds at room temperature [124]. Thus, for the
given optical setup a rate of 10° counts per second should be expected for an assumed
quantum efficiency of 1 [237]. But this does not include the long lived metastable state
(*E) with a lifetime longer than 300 ns [124]. A reduction of the expected count rate by one
order of magnitude due to this process seems to be realistic, which is consistent with other
observations [237]. The resulting 10* counts per second are too low to be detected with the
system efficiently. For ten or more contributing defect centers, the overall count rate should
be large enough for measuring the spectrum, which is in accordance to the observation,
that fluorescence can be detected only for cluster particles consisting of nanodiamonds in

trap electrodes

PN

)
o

trapped
particle

objective
lens

Figure 5.3.: The accessible opening angle of the microscope objective a* is limited by the trap
electrodes and the mounting plates (not shown). The dashed lines indicate the full opening angle
of the microscope objective without the trap.
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5.1. NV Defects in Submicron Diamond Clusters

the order of ten or more particles. Longer exposure times would improve the signal, but
drifts of the particle out of the microscope focus disrupt the measurement signal, making
an active stabilization of the particle position necessary. The shown spectra are measured
with an exposure time of 60s, which multiplies to a measurement duration of almost ten
minutes, as each spectrum is acquired with a so-called step-and-glue procedure. For this,
individual high-resolution spectra are captured for smaller spectral ranges, determined by
the line spacing of the grating and the focal length of the spectrograph as well as the size
of the CCD chip. After the measurement the single spectra are combined to cover the
full desired spectral range. The measurement duration could be shortened, for instance by
using a grating with a smaller line density, to increase the spectral width of each individual
spectrum step, but this cannot be a sufficient compensation for the low detection efficiency.

For exact size determination, a trapped particle is deposited on the cleaved facet of
an optical fiber. The fiber is aligned to the trap axis, as shown in figure 5.1, and moved
towards the particle with a motorized linear translation stage. The deposition is facilitated
by attracting surface charges on the particle and on the fiber. More details of the deposition
technique are given in section 4.6.5. During the deposition the landing position cannot
be chosen exactly, but if the fiber is properly adjusted to the trap center, the particle can

Figure 5.4.: Optical microscope image showing a submicron diamond cluster on the cleaved facet
of an optical fiber (diameter 125 um). The arrow points to the particle, that is shown in the inset
with higher magnification. The breaking edge of the fiber can be identified on the left. From [212].
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Figure 5.5.: AFM measurement of the diamond particle deposited on the fiber facet. (a) Height
image of the particle. The colored bar indicates the measured height. (b) Cross section of particle
height measured along the red line in panel (a). From [212].
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Figure 5.6.: Fluorescence image of a diamond cluster on the fiber core. After deposition from the
trap the particle is transferred to the fiber core by pushing it with the AFM tip. Excitation occurs
by green laser light coupled into the other end of the fiber. The laser is blocked by long-pass filters
in the detection path. The core can be seen because of the fluorescence of the fiber. Additional
white light is used to illuminate the whole fiber facet. The inset shows the diamond on the fiber
core with a higher magnification and a different contrast.

be found within the relatively small area of the fiber facet, afterwards. In figure 5.4 the
facet of an optical fiber with a diameter of 125 pm can be seen with a submicron diamond
cluster particle deposited approximately 30 pm off the center. The fiber is placed under
an AFM for precise size determination, as described in section 4.6.5. The breaking edge
of the fiber in the microscope image is used to navigate the AFM tip to the diamond
cluster. In figure 5.5 the measured height image of the same particle reveals a diameter of
approximately 500 nm.

With the AFM tip in contact mode, the particle can be separated into smaller fragments,
proving that it is indeed a cluster of several diamond nanocrystals. Furthermore, the
AFM tip can also be used to manipulate the particle position on the fiber facet after
the deposition. For example, a deposited diamond particle can be moved to the fiber
core by pushing it with the AFM tip. This improved position allows for excitation of the
fluorescence through the fiber by coupling laser light into the other end, as can be seen in
figure 5.6. The facet is observed with the microscope setup shown in section 4.3.4, with the
trap being replaced by the mounted fiber with the facet facing the microscope objective.
Green laser light guided by the fiber excites the fluorescence of the NV defect centers in
the diamond cluster, which is collected by the microscope objective and detected by the
CCD camera. Due to the long-pass filters, the image shows only fluorescence and white
light with wavelengths above 550 nm. One can see that the argon-ion laser also excites
the fiber itself to emit fluorescence light. The inset proves that the particle is transferred
to the fiber core, but detection of the NV fluorescence through the fiber is difficult due to
the high amount of background light.

Optical characterization of the deposited diamond particles has to be done by confo-
cal fluorescence microscopy. The spectrum in figure 5.7 shows the fluorescence emission
spectrum of a deposited micron-sized diamond cluster excited and measured through the
microscope objective. Compared to the levitated particles, the same spectral features are
visible in the spectrum, but a bigger signal is achieved for nevertheless shorter integration
times, due to the better optical access.
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Figure 5.7.: Fluorescence emission spectrum of a micron-sized diamond cluster deposited on a
cleaved fiber facet. Excitation and detection are done via the microscope objective. The spectrum
is corrected for background light from the fiber.

5.1.3. Conclusion

Observation of NV defect center fluorescence from individual submicron diamond particles
levitated in the trap is an important first step towards studying optomechanical interac-
tions of crystals with high mechanical quality. A prerequisite is the stabilization of a single
levitated diamond nanocrystal containing only one NV defect center. This seems to be
feasible, when certain aspects of the actual trap setup are considered. First, the optical
access to the trapped particle has to be improved. The problem of low detection efficiency
is well known for such ion traps and can be overcome by a reduction of the trap geome-
try [74,91,238] or by special trap designs, like surface [94] or stylus electrode [95] traps.
Very simple trap geometries in combination with special optics are also promising for this
task [239]. Second, the stability of particles with diameters less than 100 nm has to be en-
sured. Due to the nature of the electrospray method, different ionized particles will carry
similar amounts of surface charges (see section 4.5.1 and section 4.6.2). Thus, smaller dia-
mond particles with a much smaller mass will have an increased specific charge compared
to micron-sized diamond clusters. Regarding equation (3.18), this means that the trap
parameters have to be changed to use higher frequencies €2 or lower voltage amplitudes V.
without decreasing the pseudopotential too much (compare to equation (3.31)). Another
solution might be to reduce the particle charge to the same extent by using a different
ionization method. For instance, particle [240] or electron [195] bombardment could be
involved to keep the change of the charge to mass ratio (%) as low as possible when using
different particles. Third, transfer of trapped particles to vacuum conditions is necessary,
as optomechanical experiments require the crystals to be isolated from the environment
and residual thermal amplitudes impair the particle stability (compare to equation (3.46)).
So far, transfer of micron-sized particles to vacuum conditions is possible as described in
section 4.6.6, but stabilization of smaller particles is difficult during evacuation, as the
trap voltage has to be significantly decreased to avoid electrical sparkover between the
electrodes (see section 4.4).

Besides reducing the particle size and the number of included NV defect centers, the
shown method can be used to assemble diamond-based fiber-optical probes and light
sources. Time-consuming searches for appropriate particles and complicated pick-and-
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place methods for particle transfer [221] are not needed in this method. In contrast,
growing of diamonds on the fiber facet [241] does not allow for functionalization with a
preselected particle. With the shown technique, particles levitated in the trap can be eas-
ily characterized and deposited on the fiber facet. The problem of high fiber fluorescence
could be overcome by using a photonic crystal fiber [242].

5.2. Plasmonic Nanowires

Similar to the investigation of levitated diamond clusters in the previous section, other
particles can also be trapped and characterized. Confinement in the trap is not restricted
to a specific particle material or geometry. For instance, silver nanowires with a high
aspect ratio are isolated in the trap, characterized and deposited for further analysis as
well. In the following section, experiments with such a plasmonic system are presented,
demonstrating the high potential and versatility of the trap setup constructed in this
thesis. The results of the experiment described in this section are published in ACS
Photonics [225].

5.2.1. Introduction

Silver nanowires support surface plasmons at the interface between the metal and the sur-
rounding dielectric [243], as explained in section 2.3. For investigation of their plasmonic
behavior without any symmetry-breaking effects due to supporting substrates, trapping of
single nanowires seems to be worthwhile. So far, various studies with trapped nanowires
aim at improved particle handling or particle alignment: silver and gold nanowires in
aqueous solutions can be manipulated with optical forces [244,245], while full control of
trapped nanowires is achieved by specially shaped laser beams [246]. Furthermore, even
one or more semiconductor nanowires can be oriented and translated, which might facil-
itate pick-and-place assembly of nanophotonic structures [247]. However, none of these
methods include optical characterization of the nanowires. This would allow for funda-
mental studies of their optical properties and seems to be of some importance for a suit-
able outcome of eventually assembled nanostructures. In addition, trapping of plasmonic
nanowires in air would improve the applicability of such manipulation techniques.

Here, individual silver nanowires are used, which are ionized and brought into the trap
under atmospheric pressure. Surface plasmons are excited by scattering of light at the ends
of the wires. The nanowires support plasmonic cavity modes, which are observed as inter-
ference fringes in the scattering spectra. Levitated nanowires are optically characterized
and deposited subsequently for exact analysis of their geometry.

5.2.2. Optical Setup with Crossed Polarizers

For efficient observation of metal nanowires levitated in the trap, the microscope setup
shown in figure 4.21 has to be expanded. Additionally, a supercontinuum fiber laser
(PicoQuant, Solea) is used as a white light source to excite propagating surface plasmon
polaritons (SPPs) in the nanowires, as indicated in figure 5.8. A flip mirror enables
switching between the supercontinuum laser and the argon-ion laser, which is not shown
in this schematic. Optionally, the output laser spectrum can be limited by an integrated
band-pass filter to a certain wavelength within the spectral range of 525nm to 700 nm
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Figure 5.8.: Linear Paul trap integrated in optical microscope with supercontinuum laser and
crossed polarizers. The argon-ion laser and the rest of the setup from figure 4.21 is not shown in
this schematic. Flip mirrors and flip mounts allow for fast switching between the two lasers and
detection schemes.

with a width of 5nm. The laser emission is linearly polarized, where the axis can be
rotated by a half-wave plate. Polarizer 1 sets the orientation of the linear polarization
of the excitation light, that is focused on the particle. For filtering, polarizer 2, with
polarization axis orthogonal to polarizer 1 is used. This crossed-polarizer configuration
blocks the excitation light in the detection path. By turning the half-wave plate in front
of the fixed polarizer, the amount of laser power used for excitation is adjusted. The rest
of the setup remains the same as in the original setup (see figure 4.21). In particular, the
white laser light can also be focused into the trap from the side in addition to white light
from a halogen lamp, in order to excite the nanowires almost homogeneously.

5.2.3. Levitated Plasmonic Nanowires

Like every other particle sample in this thesis, the chemically grown silver nanowires
(PlasmaChem, Silver Nanowires) are charged and injected into the trap by electrospray
ionization (see section 4.6.2). According to the specifications, the wires have an average
diameter of 100nm =+ 20nm and a length of up to 50pm. The sample also contains
very short wire fragments and even spherical particles, which are all injected into the
trap together with the longer nanowires. The end-cap trap is used primarily to trap
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Figure 5.9.: CCD camera images of silver nanowires individually levitated in the Paul trap. Ap-
proximately, the wires have a length of 12 pm and a diameter of 120nm. (a) Scattered white light
from the halogen lamp shows the whole wire. (b) White light from the supercontinuum laser,
polarized parallel to the long wire axis, is efficiently scattered from the ends. (c) White laser light
focused onto the lower end excites propagating surface plasmon polaritons (SPPs), scattering out
at the upper end of the nanowire (indicated by the arrow). From [225].

the nanowires. In the trap, nanowires can be distinguished from other particles very
easily by their scattering behavior. Due to the elongated geometry, they scatter light
anisotropically in the directions of the long and the short wire axes. Thus, trapped wires,
slightly oscillating in the laser beam, show a blinking behavior, unlike rather spherical
particles. This blinking indicates promising particles, which are then observed with the
CCD camera. In figure 5.9(a) a 12 pm-long silver nanowire can be seen via scattered white
light from the halogen lamp. The stabilized nanowires tend to align in the vertical direction
due to gravity and the axial trap potentials, but horizontally oriented nanowires are also
observed in the trap. When white light from the supercontinuum laser, polarized parallel
to the long wire axis, is directed from the side onto a levitated nanowire, the two ends are
visible via a strong scattering intensity, as shown in figure 5.9(b). The laser light is coupled
to SPP modes by scattering at the wire ends [248]. Such surface plasmons propagate along
the wire and are partially scattered into light again at the opposite ends. Between the
ends no light is emitted from the wire, as the propagating surface plasmon modes only
couple to the far-field at discontinuities in the wire. The ability of the plasmonic nanowire
to guide light is directly proven in figure 5.9(c). Laser light from the supercontinuum laser
is focused only onto the lower end through the microscope objective. The excited surface
plasmons propagate to the upper end of the nanowire, where they are scattered out. This
can be seen from the light originating from this point. When the laser is focused onto the
wire at a position between the two ends, no light emission is observed, in contrast.

For a more detailed analysis, the spectral properties of the guided light are investigated.
In figure 5.10(a) the spectrum of the light scattered from the upper end of a 12 pm long
levitated wire is shown. Only the lower end is excited by white laser light, polarized parallel
to the wire and focused by the microscope objective in this transmission experiment. The
situation is similar to figure 5.9(c), but with the detection pinhole adjusted to the upper
end of the wire. The spectrum clearly shows a pronounced peak structure, that can be
explained by surface plasmon cavity modes in the wire, similar to standing waves in a
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Figure 5.10.: Analysis of a trapped silver nanowire with a length of 12um. (a) Scattering spec-
trum obtained with the detection pinhole adjusted to the upper end, while white excitation light
is focused only onto the lower end. (b) Discrete Fourier transform of the spectrum shown in (a)
converted to time differences. Three round trips can be recognized.

Fabry-Pérot resonator [116]. The excited surface plasmons are not completely scattered
into light at the opposing end. Some of them are reflected and propagate back to the
input end of the wire, where they are again partially reflected. More than one roundtrip
is possible, limited by the propagation loss A and the reflectivity of the wire end faces R.
The large linewidths of the peaks indicate a low quality factor of the plasmon Fabry-Pérot
resonator due to high losses. If the propagation length is long enough, standing surface
plasmon waves are produced along the wire, when the wire length is an integer multiple
of half the surface plasmon wavelength. To characterize the overall loss in this cavity, a
discrete Fourier transformation of the scattering spectrum is applied in figure 5.10(b), in
analogy to the analysis of Fabry-Pérot resonators [249]. This analysis draws information
from the overall shape of the peaks and not only from their width and separation. The first
three sidebands can be identified in the Fourier transform, which correspond to one, two
and three roundtrips of the surface plasmon in the resonator, respectively. The amplitude
ratio of the adjacent harmonics r}, is related to the resonator losses by [249]

’]"h = RA = Re_%’ (51)

where [ is the length of the nanowire and L is the surface plasmon propagation length.
For the shown spectrum 7, is 0.13. This value is compared to the roundtrip loss r,, = RA
deduced from the relative modulation depth of the spectrum [116]

Al _ ez — Imin _ 4rp,
Imin Imln (1 - ’l“m)2 ‘

(5.2)

It is obtained at a certain spectral position from the interpolated values of the local
intensity minimum I,,;, and maximum I,,,,. For a wavelength of 685nm, a relative
modulation depth of = AL — (.53 is estimated, which results in a value of r,,, = 0.11 for the
product of the losses derlved from the relative modulation depth. Both values rp, and r,,
are in good agreement, in particular, when taking the strong variation of the modulation
depth in figure 5.10(a) into account. Similar results are reported for experiments with
silver nanowires on substrates [250,251].
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Figure 5.11.: Optical microscope image of the silver nanowire from figure 5.10 deposited on a
cleaved fiber facet. The arrow points to the nanowire. From [225].
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Figure 5.12.: AFM image of the deposited silver nanowire with a length of 12 um. (a) Measured
height image. (b) Height cross section measured with a higher resolution along the red line in (a).
The diameter of the nanowire is approximately 120 nm. From [225].

To measure its exact size, the nanowire is deposited on the cleaved facet of an optical
fiber, as explained in section 4.6.5. The optical microscope image in figure 5.11 shows a
fiber facet with the deposited silver nanowire. The length of the nanowire is measured
to be 12pum. More detailed values, especially for the wire diameter, are obtained from
AFM measurements, when the fiber is mounted under the cantilever. In figure 5.12(a)
the measured height image of the deposited nanowire can be seen, which confirms the
nanowire length of 12pm. For the wire diameter a value of 120 nm is obtained from the
height difference. The cross section measured along the red line with a higher resolution
is plotted in figure 5.12(b). Exact knowledge of the diameter allows for further charac-
terization of the cavity losses. As the propagating SPP is not damped by radiation, the
propagation length L is assumed to be comparable to 10.1 pm, reported for one experi-
ment with a silver nanowire with a diameter of 110nm at a wavelength of 785nm [116].
Using this propagation length and 7, = 0.11 in equation (5.1), a reflectivity of the fiber
end faces of R = 0.36 is obtained, which is higher than the reported value of 0.25 in [116].
However, these results have to be treated with caution. It is difficult to make a direct
comparison, as the plasmon propagation length used is obtained from a measurement at
a higher wavelength, as well as being based on silver nanowires with a smaller diameter
and supported by a substrate.

The spectral distance between the peaks observed in figure 5.10(a) is determined by the
phase difference ¢ between the input light and the light scattered from the surface plasmon
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Figure 5.13.: Group velocity of the surface plasmon calculated for selected energies from the
spectrum shown in figure 5.10(a).

after one roundtrip in the wire with the wave number k,. For a scattering maximum the
condition

¢ =2k, =2mm (5.3)

with integer m has to be fulfilled. Then, the group velocity v, of the surface plasmons can
be estimated by

Ow Aw 2lc AX (5.4)
Vy = — R —m " — —. .
90k Ak A2 Am
For two adjacent maxima (Am = 1) at spectral positions A; and Ag the group velocity at

the center wavelength \g = %()\1 + A2) is given by

Vg = 2lc§2)\. (5.5)
0
For the 12 pm silver nanowire the group velocities are calculated and shown in figure 5.13.
A group velocity of 0.69 x ¢ in terms of the vacuum speed of light ¢ averaged over the
spectral region in figure 5.13 is in good agreement with other reported experimental and
theoretical values [250].

The trap setup allows characterization of several different particles within a short time.
Silver nanowires with lengths from 9 pm to 25 pm are observed in the trap. In figure 5.14(a)
the scattering spectra obtained from a silver nanowire with a length of 16 pm are shown.
In this case, excitation occurs with white laser light from the side weakly focused onto
the whole wire with linear polarization parallel to the long wire axis. The configuration is
similar to the situation in figure 5.9(b). Determined by the pinhole position, either light
scattered from the upper (black curve) or the lower end (red curve) can be detected. At
both ends, the familiar interference fringes are visible in the spectrum, but, compared to
figure 5.10(a), the separation of the maxima is smaller due to the longer wire length. A
phase shift between the two spectra obtained from the opposing ends is observable, which
is more obvious in the zoom into the region from 650nm to 700nm in figure 5.14(b).
Since both wire ends are excited, several effects may contribute to the measured signals,
in contrast to figure 5.10(a). The light stemming from surface plasmon cavity modes may
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Figure 5.14.: Scattering spectra from the upper (black curve) and the lower end (red curve) of a
trapped silver nanowire with a length of 16 pm. White laser light excitation occurs onto the whole
wire from the side. (a) The intensity maxima and minima, observed at both ends, are phase-
shifted. The schematic shows the labeling of the ends. (b) Zoom into the region from 650 nm to
700 nm of the same spectrum as in (a). From [225].

interfere with directly scattered excitation light and light, coupled into the opposite end
and guided along the wire. For a plasmon Fabry-Pérot resonator excited only at one
side, intensity maxima measured at one end would be expected to correspond to minima
measured at the other end and vice versa [116].

Finally, scattering spectra collected from the lower end are shown in figure 5.15, taken
under the same conditions as in figure 5.14, but for two different linear polarization direc-
tions of the excitation light. The red curve is obtained for excitation light with vertical
polarization, parallel to the wire. The spectrum shows the characteristic peaks as be-
fore. This situation changes completely when the incident light is polarized in horizontal
orientation, perpendicular to the nanowire. Only a weak signal can be recognized, resem-
bling the general shape of the lamp spectrum but without significant modulations. This
is a further verification of the plasmonic nature of the scattering signal [116,250]. Light
with a polarization axis that is perpendicular to the long nanowire axis cannot excite the
propagating SPPs efficiently, due to the perpendicular wave vectors.
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Figure 5.15.: Scattering spectra from the lower end of the trapped silver nanowire shown in
figure 5.14 for different polarization excitations. The white laser light is focused onto the whole
wire from the side with linear polarization oriented parallel (red curve) and perpendicular (black
curve) to the long wire axis. From [225].
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5.2.4. Conclusion

Stabilization of individual silver nanowires in the Paul trap indicates the potential of the
microscopy setup built in this thesis. The high amount of surface charge applied by the
electrospray ionization seems to have no drastic influence on the plasmonic properties, as
the observed scattering characteristics are in good agreement with similar experiments on
supported nanowires [116,251]. The pronounced peak structures in the scattering spectra
are interpreted as Fabry-Pérot resonances in the metal cavities in accordance with other
works [116,250].

In future experiments, scattering properties of levitated and subsequently deposited
nanowires can be compared to theoretical simulations in order to investigate the influ-
ence of the substrate. For exact analysis of the surface plasmon propagation length and
the reflectivity of the wire ends, several wires with the same length and diameter should
be analyzed. The setup can also be used to place preselected nanowires on other pho-
tonic structures. Furthermore, an additional dipole trap can be included for polarization-
dependent manipulation of the levitated nanowires [245], to improve the accuracy of the
measurements and the deposition technique. Optomechanical experiments with rotational
and torsional motions can be envisioned [252-254], as well as thermodynamic experi-
ments [40,255,256], and even plasmomechanical experiments [257].

Waveguiding of surface plasmon propagation is not restricted to nanowires made of
silver. For instance, it is also demonstrated for gold [258,259]. In contrast to silver, gold
does not suffer from oxidation under ambient conditions. However, silver nanowires show
lower absorption losses, causing higher propagation length than gold nanowires, which is
crucial for efficient transport of signals [260]. At longer wavelengths the losses decrease,
but silver always shows lower damping [113]. To protect levitated silver nanowires against
oxidation during longterm investigation, the vacuum chamber can be evacuated or filled
with an inert gas to prevent oxidation.

5.3. Functionalization of Tapered Optical Fibers

Trapped particles can be deposited onto other structures for further particle analysis
but also for functionalization of photonic components. It is a very flexible non-contact
method to bring together arbitrary particles, characterized and pre-selected in the trap,
and (fragile) photonic structures. Two different targets made of optical fibers are used
in this thesis: tapered optical fibers and cleaved fiber facets. This section describes the
experiments performed with tapered fibers in detail. Particle deposition on fiber facets
is explained in section 4.6.5 and demonstrated in sections 5.1, 5.2 and 5.4. Some of the
results presented in this section are published in Optics Express [226].

5.3.1. Introduction

Tapered optical fibers are fibers containing a region with submicron diameter, which show
a strong confinement of the supported modes. In the tapered region, a significant fraction
of the transmitted light is guided outside the fiber in the evanescent field [261]. The
interaction between the evanescent field of the taper and the surrounding medium is used
in many different applications, like sensing [262, 263|, spectroscopy [264], interferometry
[265], mode-filtering [266] and even trapping and moving of particles [267]. For sensing
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applications, variations in the refractive index of the surrounding material can be detected
by changes in the guided modes through the fiber [268]. This is done by application of
sensitive material layers on the taper surface [262], or by bringing sample particles into the
evanescent field [269]. The same method is used for spectroscopy of emitter ensembles [264]
and even single photon emitters [270]. Tapered optical fibers are also used to couple light
to optical microcavities [10]. Such resonators can be realized with different geometries,
like spheres, discs or toroids. They show interesting optical properties, like a high optical
quality and a strong confinement of the optical modes, which make them very useful for
sensing applications [36] as well as for studying nonlinear effects [271] or cavity quantum
electrodynamic (CQED) experiments [272].

In most of the mentioned methods the taper has to be aligned very carefully with respect
to the sample or the cavity. Also, mechanical stress is often applied to the fragile fiber
when sample particles are brought in contact with the taper [270,273]. In the following, a
novel method for functionalization of tapered optical fibers is described. Levitated parti-
cles are optically characterized and pre-selected in the Paul trap. Afterwards, deposition
of individual particles on the tapered region of an optical fiber is achieved by making
use of electrostatic attraction between the surface charges of the particle and the fiber.
This technique is demonstrated by placing micron-sized active emitter particles as well as
spherical microresonators onto tapered optical fibers.

5.3.2. Taper Production

To achieve guiding of light in the evanescent field outside of an optical fiber, the fiber
has to be thinned down to waist diameters below 1pm. Such tapered fibers are produced
from standard optical fibers by heating up a section and pulling the ends apart [274].
During the elongation of the fiber the heated section is thinned down to the desired
diameter, as illustrated in figure 5.16(a). Different methods are used to heat the fiber.
Most common are laser- and flame heating [274, 275], but also ceramic heaters can be
involved [276], as used to produce the tapers for the experiments presented in this section.
With such methods, low loss tapers can be obtained [277]. It is even possible to thin down
microstructured optical fibers, in order to produce nanofibers that are insensitive to the
environment for very small photonic circuits [278].

A schematic of the fiber-drawing setup is shown in figure 5.16(b). The optical fiber is
clamped onto two linearly aligned translation stages. Between the stages is an electric
ceramic heater, which encloses the fiber (except for a small slit) over a length of 19 mm,
but can be retracted to remove the fiber. The heater increases the temperature of the
fiber homogeneously up to 1500 °C to soften the silica. With the linear stages the soft
fiber is pulled apart in consecutive steps, while the transmission through the whole fiber
is monitored with a laser and a photodiode, to observe the fiber drawing progress. An
additional microscope is used to characterize the final result. Typically, tapered optical
fibers with waist diameters of 0.7 to 1.2pnm over a length of 4 to 10 mm are produced.
More details of the tapered fiber production can be found in [279]. After the fiber drawing
procedure, the fragile fiber is glued onto a U-shaped holder to reduce the risk of breaking.
The photograph in figure 5.17 shows the taper holder attached to two linear stages, which
are used to align the tapered region of the fiber to the center of the trap.
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Figure 5.16.: Fabrication of tapered optical fibers. (a) Hlustration of a tapered optical fiber. (b)
Schematic of the fiber drawing setup.

Figure 5.17.: Photograph of the fiber holder attached to two linear stages. The shown fiber is not
tapered to clarify its position. The tapered region would be between the two arms of the U-shaped
holder.
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5.3.3. Deposition Procedure

In addition to the deposition of pre-characterized particles on fiber facets described in
section 4.6.5, particles can also be landed on other structures. For instance, tapered optical
fibers are used in a similar way, as depicted in figure 5.18. Due to the better physical
access, the segmented trap is used here. The fiber can be moved in and out of the trap
between the electrodes with a motorized linear stage. To avoid unwanted contamination,
the fiber is removed from the trap and the tapered region is covered up during particle
injection. Characterization of levitated particles is done with the microscope setup shown
in figure 4.21. When a particle is selected for deposition, the uncovered tapered fiber is
moved into one end of the trap and the particle is approached to it. In the same way as
for the fiber facets, deposition is facilitated by the fact that the fiber is always slightly
charged. After the landing, the deposited particle scatters out laser light guided by the
fiber, and can also be detected through the fiber by a reduced transmission or, if possible,
by a fluorescence signal excited and collected through the fiber. The photographs in
figure 5.19 show a silica microsphere with a diameter of 4.8 nm in the trap before and
after the deposition onto a tapered optical fiber. The particle is visible by scattering of
laser light.
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Figure 5.18.: Schematic setup with tapered optical fiber in segmented trap. The full microscope
setup is shown in figure 4.21.

(€)) segmented electrode
4
ilF-r 1 frmm—" . — i T —

- «— particle

tapered
fiber

high-voltage electrode

Figure 5.19.: Particle deposition onto a tapered optical fiber demonstrated with a silica micro-
sphere with a diameter of 4.8 pm. (a) The particle and the tapered fiber can be seen by scattering
of laser light. The free laser beam is directed along the trap axis. (b) After deposition the particle
scatters out laser light guided by the fiber.
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5.3.4. Deposition of Dye-Doped Polystyrene Beads

In a first experiment, clusters of polystyrene particles are characterized in the trap and
subsequently landed onto the tapered region of an optical fiber. The individual particles
have a mean diameter of 100nm and are doped with a red fluorescent dye (Invitrogen,
FluoSpheres carboxylate-modified). The trapped particles are identified by their fluores-
cence signal, which is excited with the argon-ion laser tuned to 514.5 nm and focused on
the particle. The spectrum in figure 5.20(a) shows the detected fluorescence emission of a
levitated particle collected by the microscope objective. After deposition the particle can
be addressed optically by the fiber. When the laser light is coupled in, the evanescent field
in the tapered region excites the particle on the surface. The emitted fluorescence couples
partially to the taper modes and is detected through the fiber. The result is shown in
figure 5.20(b). The taper has a waist diameter of 700 nm, that allows for a large evanescent
field and a good coupling efficiency between the emitter and the optical modes. Clearly,
the spectra show the same spectral characteristics and differ only in intensity. Since the
excitation laser power is set to 30 uW in both cases, the fluorescence yield for the mea-
surement via the fiber is higher by a factor of 11 compared to the measurement via the
microscope objective.

In addition to fluorescence spectroscopy, a landed particle can also be detected by fiber
transmission. This is done in a further experiment by coupling laser light into the fiber
containing the taper and measuring the output signal with a photodiode. A frequency-
doubled ND:YVOy laser (Coherent, Verdi V10) with a wavelength of 532 nm is used here.
The measured waist diameter of the used taper is 850 nm. As shown in figure 5.21(a), the
transmission signal decreases abruptly when the particle is deposited. This corresponds
to an increased scattering of the taper modes, that can also be observed from the outside
(see figure 5.19(b)). A second drop in transmission can be recognized, indicating the laser
switch-off. The deposited particle affects the transmission, which changes to 46 % of the
initial value. This indicates that the particle is a cluster of several 100 nm polystyrene
beads. A much smaller transmission change of only a few percent would be expected
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Figure 5.20.: Cluster of dye-doped polystyrene beads (overall diameter 1.5 um) deposited on a
tapered optical fiber. (a) Fluorescence emission spectrum of the particle levitated in the trap,
excited and collected through the microscope objective. (b) Fluorescence spectrum of the same
particle deposited on the tapered region of the fiber with a diameter of 700 nm, excited and collected
through the tapered fiber. The excitation power for (a) and (b) is the same (30 nW). From [226].
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Figure 5.21.: (a) Measured taper transmission at 532 nm, normalized to the transmission before
the particle is deposited. (b) Microscope image of the soft-landed cluster of dye-doped polystyrene
beads with an estimated overall diameter of 1.5 pm. From [226].

for a single bead [280]. This presumption is confirmed by the optical microscope image
in figure 5.21(b) of the cluster particle on the tapered fiber, taken subsequently to the
deposition. The particle cluster size is measured to be 1.5 pm.

The measured reduction of the transmission due to the particle deposition is confirmed
by FDTD simulations performed by Markus Gregor (AG Nanooptik, Institut fiir Physik,
Humboldt-Universitat zu Berlin) [226,279]. Corresponding to the experimental observa-
tions, the problem is modeled with a silica cylinder with a diameter of 850 nm and a length
of 100 pm piercing a large polystyrene sphere. The transmission of the fundamental mode
(HE;; at 532nm) through the simplified fiber is calculated for different sphere diameters
and plotted in figure 5.22. For a sphere diameter of up to 1pm, corresponding to a thin
polystyrene layer of up to 150 nm around the taper, the predicted change in transmission
is only a few percent, corresponding to the fraction of the power guided in the evanescent
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Figure 5.22.: FDTD simulation results of the transmission of the fundamental mode (HE;;) at
532nm through a silica cylinder (diameter 850 nm, length 100 pm) enclosed by a polystyrene sphere
with variable diameter. The output is normalized to the input signal. The model geometry is shown
in the inset. From [226].
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field. For larger sphere diameters the scattering increases and disturbs the waveguide more
and more. For a polystyrene sphere with a diameter of 1.5 nm the predicted transmission
changes to 61 %. This is in good agreement with the observed value, especially considering
the fact that higher modes, which can cause higher losses, and geometrical deviations of
the model from reality are not taken into account.

The FDTD simulations are also used to understand the stronger fluorescence signal of
the taper compared to the microscope objective (shown in figure 5.20). For the levitated
particle, excitation and collection of fluorescence occurs through a microscope objective
(Olympus, AchC 4x) with a numerical aperture of 0.1 instead of the one shown in fig-
ure 4.21. With this low power microscope objective a focal spot size of 17 pm is estimated,
which results in a very low excitation efficiency. A spherical particle with a diameter of
1.5um has an overlap of only 0.8% with this area. In addition, the numerical aperture
is also predicting that only 0.25 % of the emission of an arbitrary oriented dipole can be
collected [143]. For the taper with a diameter of 700 nm, excitation is even less efficient
compared to the microscope objective. About 4% of the laser power at a wavelength
of 514.5nm is guided outside the taper [281], but the overall transmission through the
tapered fiber is measured to be only 6.3 % because of coupling and fiber losses. This gives
a resulting excitation power of 0.25% of the input power, which is roughly three times
smaller than the free beam excitation. Despite its lower excitation efficiency, the taper is
able to collect the fluorescence emission much more efficiently than the microscope objec-
tive. The taper collects approximately 5 % of the total fluorescence of a 1.5 pm dye-doped
particle enclosing the fiber [226,279]. This value is calculated using a FDTD simulation
with a model geometry similar to that shown in the inset of figure 5.22. In sum, these
numbers already account for a factor of 7 difference between the measurements with the
tapered fiber and the microscope objective, which can easily explain the observed factor
of 11 with the same order of magnitude.

The deposition procedure can be repeated for several particles on the same taper. In
figure 5.23 a fiber is shown with four polystyrene particles placed onto the tapered region.
After each deposition, the taper is moved along the direction of the fiber. Otherwise, the
subsequent particle could not be approached to the fiber due to the Coulomb repulsion
between the similarly charged particles. This repulsion can be used to evenly adjust the

Figure 5.23.: Four particles evenly-spaced on a tapered fiber with an approximated distance of
2mm. The particles are deposited one after another with an older version of the segmented linear
trap. The particles can be seen via scattering of light guided inside the fiber. From [226].
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spaces between the deposited particles. The repeated deposition of pre-selected particles
on the surface of a tapered optical fiber can be used for the assembly of different particle
compositions as demonstrated in the following subsection.

5.3.5. Deposition of Spherical Microresonators

In a second soft-landing experiment silica microspheres are pre-selected and deposited onto
a tapered optical fiber. Such dielectric microspheres are optical resonators showing sharp
resonances according to the supported whispering-gallery modes (WGM), as explained in
section 2.2. Silica microspheres with diameters from 2 to 15 pm (microParticles, various
samples) are tested in the trap and identified by white-light scattering. For this, micro-
spheres stabilized in front of the microscope objective are illuminated from the side by
unpolarized white light from the halogen lamp (see figure 4.21 for details). The scattered
light is collected by the objective and sent to the CCD camera or the spectrometer for
detection.

A typical result can be seen in figure 5.24(a) obtained from a single levitated silica
microsphere. The overall shape is given by the spectrum of the lamp, but the characteristic
peaks of the WGM can be easily recognized, corresponding to TE and TM modes in an
alternating sequence with decreasing mode numbers (see section 2.2.1). To determine
the actual size of the investigated microsphere, the experimental data is compared to
scattering cross sections Cse, obtained from Mie theory with equation (2.40) for different
sphere sizes. The spectrum in figure 5.24(b) is calculated for a silica microsphere with
a diameter of 4.35um in air. Regarding the spectral position of the sharp peaks, it
corresponds convincingly to the observed spectrum in figure 5.24(a). The overall shape
of the theoretical spectrum is given by interference between the incident and the forward
scattered light under spectrally uniform illumination [106], and thus, independent from
the lamp used in figure 5.24(a).

Before the deposition, the transmission of the used tapered fiber is measured by coupling
white light into one end of the fiber, while taking the spectrum of the light coupled out
at the other end. In figure 5.24(c) the result can be seen. The white-light transmission
signal shows the spectrum of the lamp. The small, sharp recurring dips can be explained
by interference of the guided modes inside the taper [275]. Due to the gradual change of
the fiber diameter at the transition region (compare figure 5.16(a)), light can couple from
the fundamental to higher modes with subsequent interference at the second transition
region, in analogy to a Mach-Zehnder interferometer. For reduced mode interference, and
thus low energy loss in the taper, the change of the fiber diameter at the transition region
should be as small as possible (adiabaticity criterion) [282]. However, the observed dips
are small compared to the oscillation of the transmittance introduced by the deposited
sphere. The spectrum in figure 5.24(d) shows the white-light transmission through the
fiber after the microsphere is placed on the tapered region. The spectral position of the
dips correspond to the WGM of the levitated sphere in figure 5.24(a). A microscope image
shows the silica microsphere attached to the submicron fiber in figure 5.25.

To explain the observed transmission spectrum, the fiber-microsphere system is de-
scribed by a simple two-dimensional model [283]. As illustrated in figure 5.26(a), the
model consists of a circular cavity coupled to a fiber waveguide. Light guided by the fiber
can couple to the resonator and, after one or more round-trips, back to the fiber. When the
light in the cavity acquires a phase shift of 27wm, with integer m, it interferes destructively
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Figure 5.24.: Single silica microsphere deposited on a tapered optical fiber. (a) White-light scat-
tering spectrum of the microsphere levitated in the trap. (b) Mie scattering cross section calculated
for a silica sphere in air with a diameter of 4.35 ym. (c) Fiber white-light transmission spectrum
before and (d) after deposition of the microsphere on the tapered region.
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Figure 5.25.: Microscope image of a silica microsphere with a diameter of around 4.35 pm de-
posited on a tapered optical fiber.

with the light in the waveguide, due to a remaining phase shift of 7 [284], and extinction
can be observed. Just two parameters describe this linear system: the amplitude trans-
mission a, indicating the cavity loss after one round-trip, and the transmission coefficient
t through the coupling region. The phase shift ¢ = kL, denotes the field detuning from
the incident field after one round-trip, which is determined by the length L = 27 R of
the circular cavity with radius R and the wave number k£ = @ The formula for the
refractive index N of silica can be found in appendix A.1. Details of the model are given
in appendix B. Finally, the intensity transmission through the waveguide is calculated by

~a?+t* —2atcos (¢) (5.6)
1+ a?t? —2atcos (¢) .

2
E output
It =

Einput

As the model does not include polarization, it only accounts either for TE or TM modes
in the sphere. To reproduce the transmission spectrum of unpolarized white light, the
transmission is calculated for TM modes with ¢ = kL and TE modes with ¢ = kL + m,
individually. Afterwards, the sum of both curves is multiplied by a Gaussian function
representing the halogen lamp spectrum (see appendix B.2). The theoretical result is
compared to the measured transmission spectrum in figure 5.26(b). One can see that
the calculated curve represents the experimental observations very well, especially when
taking into account that the coupling of the TE and the TM modes in the sphere to
the fundamental mode in the fiber might not be equal. The fit parameters a = 0.8 and
t = 0.7 are used to determine the coupling strength. Critical coupling would be achieved
for a = t, which means the field coupled back to the waveguide would have the same
amplitude but a relative phase shift of 7, compared to the incident transmitted field, and
the transmission signal would vanish completely. However, here the system is over-coupled,
since @ > t, which is typical for touching resonator-fiber systems [283]. In this case, the
light is scattered in and out as opposed to only coupling evanescently. As the losses in
the cavity are lower than the coupling losses in the waveguide, the electric field coupled
back into the fiber is higher than the transmitted field. Thus, the transmitted intensity is
not extinguished completely at the spectral positions of the resonances. For completeness,
under-coupling should also be mentioned, where the coupling losses are smaller than the
cavity losses (a < t). This opposite of over-coupling is typically achieved by a gap between
fiber and resonator larger than that needed for critical coupling.
The finesse of the system is given by [180,283]

T 4at
F = 5 7(1 — at)Q’ (5.7)
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Figure 5.26.: Modeling the fiber-microsphere system. (a) The model geometry consists of a cir-
cular cavity coupled to a fiber waveguide. (b) Comparison of the calculated transmission spectrum
(red curve) to the experimental observations (black curve). The parameters used are a = 0.8,
t =0.7 and R = 2.02 pm.

which is determined by the parameters a and ¢. A finesse of 5.35 is calculated for the
coupled fiber-microsphere system. Compared to other systems, this value is very low
[10], but comprehensible, when taking over-coupling and the small sphere diameter into
account.

One detail that is not considered so far is the size of the sphere. The diameter of the
levitated sphere is estimated by Mie theory to be 4.35 pm (see figure 5.24). For the idealized
model of the microsphere deposited on the tapered fiber a diameter of 4.04 pm fits best
to the observed transmission spectrum. According to the manufacturer (microparticles
GmbH) the mean diameter of the spheres in the sample used is 4.6 pm with a standard
deviation of approximately 0.2 um. This includes the Mie diameter of the levitated sphere
within two, and the diameter estimated by the coupled cavity model within three, standard
deviations. It might be that the size of the levitated sphere is slightly overestimated. Shifts
of the WGM resonances are observed, which are attributed to water vapor condensing on
the sphere (see section 4.6.6). After the deposition the assumed water film around the
sphere would be deformed, changing the effective circumference. Another explanation
might be that the sphere is not perfectly spherical and has a prolate or oblate spheroidal
geometry [285]. Differently oriented WGM might be excited for the measurements in
the trap and through the taper, which would lead to deviations in the calculated sizes.
Furthermore, the coupled-cavity model itself might be considered to be too simplistic for
an exact quantitative comparison.

As already shown in the previous subsection, more than one particle can be deposited
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onto the tapered region of a single fiber. Subsequent to the first one, two more silica
microspheres of comparable size are deposited on the the same optical fiber. After each
deposition, the tapered fiber is moved by approximately 2 mm along the direction of the
fiber, perpendicular to the trap axis. In the white-light transmission spectrum of the fiber
shown in figure 5.27(a), a great number of dips can be identified, corresponding to several
different WGM in the spheres.

In a third step of the experiment, an active particle consisting of a small cluster of
colloidal core-shell quantum dots (Evident Technologies, CdSe/ZnS Core-Shell EviDots)
is deposited onto the tapered fiber in line with the three microspheres. The fluorescence
emission spectrum of the cluster particle levitated in the trap is shown in figure 5.27(b).
According to the product specifications, the single quantum dots have a mean diameter of
4nm. However, the trapped cluster has an estimated overall diameter of 1 pm. Similarly
to the fluorescence detection described in section 5.3.4, the levitated quantum dot cluster
is excited with the focused argon-ion laser. The emitted fluorescence light is collected by
the microscope objective, long-pass filtered and detected by the CCD camera or the spec-
trometer. After the deposition of the quantum dot cluster, the active particle is addressed
optically through the fiber. The position of the quantum dot particle within the line of
positioned particles with respect to the detection direction is important. The quantum dot
cluster is at the end of the line of particles and the collected and guided fluorescence can
be detected at both fiber ends, independent of the laser input direction. When detection
is performed at the end nearest to the quantum dot cluster, where the guided fluores-
cence light does not pass the microspheres, the fluorescence emission spectrum measured
through the fiber looks like the signal of the undisturbed levitated particle. The result is
more interesting when the detection direction is reversed. Then, the guided quantum dot
fluorescence couples into the WGMs of the microsphere resonators one after another. As
expected, the fluorescence signal is modulated by the mode spectrum of the spheres, as
shown in figure 5.27(c).

5.3.6. Conclusion

Functionalization of tapered optical fibers by individual pre-selected particles is most
promising for several different applications. For spectroscopy, the taper offers a high
collection efficiency [286], which can even be doubled by detecting the guided fluorescence
light at both ends of the fiber. Further improvement to the efficiency can be achieved,
when Bragg mirrors are integrated in the fiber [287]. Tapered fibers used as probes to
collect fluorescence from single quantum emitters [270] can be used in quantum information
experiments [14,273] or as building blocks in quantum networks [288,289]. The deposition
of a pre-selected active particle demonstrates the capability of this method for producing
customized fiber-based light sources. Different fluorescent particles can be chosen in order
to access different wavelengths and bandwidths.

For sensing, individual optical resonators can be placed onto the tapered optical fiber.
Due to over-coupling, the observed quality factors are not as high as reported for critically
coupled microresonators [290], but usage of the soft-landing method for the assembly of
fiber-based sensors can be envisaged. Larger spheres with higher quality factors can be
deposited [36] and critical coupling might be achieved by increasing the cavity losses with
an additional probe positioned near the microsphere [283]. Furthermore, by doping the
microsphere with fluorescent emitters, fiber-based laser systems can also be built [291].
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Figure 5.27.: Three microspheres and a quantum dot cluster deposited on a tapered fiber. (a)
White-light transmission spectrum of the optical fiber with three silica microspheres deposited on
the tapered region. (b) Fluorescence emission spectrum of the quantum dot (QD) cluster levitated
in the trap. (c¢) Fluorescence emission spectrum measured through the fiber after deposition of the
emitter particle. The fluorescence from the quantum dot cluster guided through the tapered fiber
is modulated by the microspheres. The inset in (c) illustrates the configuration. Detection at the
input end of the fiber results in the same spectrum as shown in (b).
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When more than one particle is deposited, the Coulomb potentials of the already landed
particles guide the subsequent ones. In the future, pre-characterized particles from the
trap might be guided by specially designed potentials towards distinguished landing sites,
including onto targets other than tapered optical fibers.

The presented technique offers a method for non-contact and alignment-free particle
deposition, with reduced risk of taper damage. When the technique is performed in
vacuum, contamination of the fiber is prevented, as only pre-selected particles from the
trap are able to reach the fiber surface. A success probability of nearly 100 % makes this
technique very reliable.

5.4. Particle Coupling in a Segmented Linear Paul Trap

Isolation of individual particles in a Paul trap enables almost interaction-free investigation
of their optical properties. Besides deposition on photonic structures, assembly of two or
more particles to electromagnetically coupled particle systems also offers a high potential
for different applications. In this section, a novel method for one-by-one coupling of single
nano- and microparticles is presented. The results presented here are published in Nano
Letters [216].

5.4.1. Introduction

Single nano- and microparticles can be assembled into electromagnetically coupled struc-
tures enabling a manifold of different applications. Idealized model systems for complex
photonic structures can be precisely set up [292], as well as self-similar optical antennas
for improved light enhancement and collection [293]. Optically active particles, like sin-
gle molecules [102], quantum dots [103] and defect centers in nanodiamonds [29] show
increased quantum efficiencies when coupled to optical resonator particles, like dielectric
microspheres [294] or plasmonic nanoantennas [295].

For precise manipulation, simple fiber probes [296] but more often probes of scanning
probe microscopes, like atomic force microscopes (AFM) or near-field scanning optical
microscopes (NSOM), are used to push single particles over surfaces or for pick-and-place
methods [37]. Such techniques can also be employed to attach individual particles to each
other. For suitable outcomes, characterization of the constituent particles and monitoring
of the assembly can be done by optical [221] or scanning electron microscopy [292]. For
this purpose, the particles are distributed on a substrate, which have to be identified
by time-consuming raster scans in order to find appropriate candidates. Additionally, the
transfer of particles is complicated, as particles often stick to the probe or to the substrate.
In a more simple approach, particles are randomly distributed on a surface, which creates
compound particles by chance [297,298] or by self-organization [38,299]. A certain degree
of control is obtained when optical forces [300] or chemical linking [301,302] is applied.
Such methods lack the possibility to characterize and select individual particles within
an ensemble with an inhomogeneous size distribution, which makes them more promising
for fabrication on larger scales. Finally, customized particle combinations may be created
by lithography [303]. But, these top-down approaches can only be applied to specific
materials and the control of coupling is limited by the precision of fabrication.

In this section, a new coupling technique is described. Using the segmented trap, in-
dividual levitated particles are optically characterized and subsequently coupled in a fast
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and reliable way. The assembly technique relies on electrostatic attraction between the
single particles and does not require any further alignment of the particle positions. After
assembly, the particles stay in the trap and can be deposited onto other structures for
further analysis.

5.4.2. Electrostatic Assembly of Individual Particles

The coupling scheme is carried out in the segmented trap (see section 4.1.2 for details). The
segmentation is needed for transport and storage of particles during the assembly, as shown
in figure 5.28. In figure 5.28(a) several positively charged particles are injected into the trap
by electrospray ionization (see section 4.6.2). They are stored in the far end (right side) of
the trap in figure 5.28(b) between repulsive potentials created by neighboring segments.
From this stock of particles, a single one is separated and transferred to the segment in the
middle of the trap, which is observed by the microscope objective. Optical spectroscopy
is used to characterize the particle. After identification of a proper particle, it is stored
in a distant segment between the microscope objective and the remaining particles, as
shown in figure 5.28(c). Subsequently, negatively charged particles are injected into the
trap, which is easily achieved by changing the voltage polarity of the electrospray injector
(compare to section 4.5). Particles with opposite polarity are needed, as the coupling
scheme relies on electrostatic attraction. More than a single particle should be trapped
and stored, but now in the incoming end of the trap. To transfer and align individual
particles from the second injection to the microscope focus, the axial voltage has to be
switched to negative as well, which is possible during operation without problems. For
the previously loaded, positively charged particles, this leads to axial stabilization by
attraction to the segments. Identification of the second particle occurs in the same way as
the first one. Individual particles are characterized by optical spectroscopy until a fitting
candidate is observed (figure 5.28(d)). Preparation of the particle assembly is completed
after two particles are selected and transferred to neighboring segments, as illustrated in
figure 5.28(e). By switching the segment voltages as shown in figure 5.28(f), the particles
are pushed towards each other. When they are close enough, Coulomb attraction due
to their opposite charges causes a collision. Usually, the assembled particle compound
stays in the trap and can be characterized by optical spectroscopy (see figure 5.28(g)).
The resulting charge of such coupled particles is not vanishing in most cases. This allows
for adding even more particles, by repeating the steps (a) to (g) with respect to the
resulting charge of the prior particle assembly. However, for precise analysis of the final
particle compound, it is deposited on other structures (figure 5.28(h)), as presented for
single particles in section 4.6.5. All segment potentials and particle charge signs used
in the procedure can be inverted if necessary. During the assembly single particles have
to be released from the trap when they show unwanted properties concerning material,
size or optical characteristics. Before injection of the second particle load this is done by
pushing the particle out at the ingoing end, as shown in figure 5.29(a). After the second
injection both trap ends are blocked by stored particles and unwanted particles have to
be removed in the radial trap direction. For this, the two electrodes of one segment in the
middle of the trap can be electrically separated, as illustrated in figure 5.29(b), and an
additional static voltage, applied between the two opposing electrodes, creates an electric
field perpendicular to the trap axis. When the voltage is high enough to overcome the
trap potential, the particle in this segment is released from the trap in the radial direction.
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Figure 5.28.: Scheme of the electrostatic particle assembly in a segmented linear Paul trap. (a)
Positively charged particles are injected into the trap by electrospray ionization (ESI) and (b)
stored in the far end, while a single particle is separated for optical characterization. (¢) Switching
the polarity of the segment voltages from positive to negative allows for similar injection, storage
and (d) characterization of negatively charged particles without losing the positive ones. (e) One
particle of each load is selected and axially transferred to the middle of the trap, where (f) they
collide due to their opposite charges. (g) The assembled particle compound stays in the trap and
can be characterized by optical spectroscopy or (h) deposited on a surface for further analysis. The
shown polarities of the particles and the segment potentials can be inverted if necessary.
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Figure 5.29.: Particle removal from trap. (a) A particle can be pushed out at one end. (b) If both
ends are blocked, a particle can be removed in radial direction with an additional static electric
field perpendicular to the trap axis.

5.4.3. Stability of Assembled Particle Compounds

The stability of the assembled particle compound can be explained by a simple model.
The individual particles before as well as the compound particle after the assembly have to
meet the stability requirements for the trap, explained in section 3.1.1. In figure 5.30 the
first area of stability is shown (compare to figure 3.3) with exemplified trapping parameters
for individual particles. For a random particle P; (red dots) with mass M; and charge Q1,
operating parameters can always be found to stabilize the particle in the trap. When the
particle is confined in a segment without static voltage (U, = V. = 0), the dimensionless
trapping parameter a vanishes, which demands |g| < @mqr (compare equation (3.18)) for
stability. This is the case for P; in figure 5.30, corresponding to the positively charged
particle held in front of the microscope objective in figure 5.28(b). The particle is con-
fined in axial trap direction through electrostatic repulsion from neighboring segments.
When the polarity of the segment voltage is switched, particle P} is held by electrostatic
attraction, as shown in figure 5.28(c). Now, V. # 0 in the segment where the particle is
trapped and the particle position Pj* in the stability chart is shifted to a non-zero value of
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Figure 5.30.: First area of stability for the ideal linear Paul trap. P; and P, represent two
individual particles with opposite charge polarity held in the axial trap direction by static repulsion
from neighboring segments (¢ = 0). When a particle is attracted to a segment, the stability
conditions change to a # 0 (Pf"). After assembly the particle compound is always stable for a = 0,
if the individual particles were stable before assembly. From [216].
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Figure 5.31.: Calculated specific charges for different particle assemblies. The properties of par-
ticle Py are set to My = 1.35 x 1073 kg and Q; = 5 x 10713 C. Particle P, has (a) a fixed charge
of Q2 = —0.01Q; and a variable mass of MJ"" < My < 10M;. In (b) particle P; has a fixed mass
of My = M; and a variable charge Q5" < Q2 < 0. The values of the stability parameter |q| are
calculated for typical trap values (ro = 3mm, V,. = 1kV and Q = 27 x 5kHz). From [216].

a. The changed interval for stable values of the stability parameter ¢ shows that the static
voltage V. has to be chosen carefully, in order to keep the particle within the stable area.
With the same trapping parameters, a second particle with opposite charge polarity can be
stabilized, when its specific charge %22, with mass Ms and charge (Q2, meets the stability
conditions, indicated by P» in figure 5.30 (blue dot). This corresponds to the situation for
the negatively charged particle in figure 5.28(d). After assembly, the two particles form a
compound particle with mass Mo = M; + My and overall charge Q142 = Q1 + Q2. It
is convenient to set the maximum values Mo > My, My and |Q142| < |Q4], with i = 1,2
being the index of the particle with the higher absolute charge value. This means the

specific charge of the compound particle ]?411122 , and as a result also the stability parameter

lq|, always show smaller absolute values than those of particle 4, indicated by P42 (black
dot) in figure 5.30. Thus for the case of a = 0, the compound particle can always be
stabilized with the same operating trap parameters as the individual particles.

In figure 5.31 the resulting calculated specific charges for different initial single particles
are shown. The corresponding values for the stability parameter ¢ are obtained for the
trap operating parameters 7o = 3mm, Vy. = 0, Ve = 1kV and Q = 27 x 5kHz (see
section 3.1 for details). Particle P; resembles a positively charged silica microsphere with
a diameter of 4.8 1m, a mass of M; = 1.45 x 10~ ¥ kg and a charge of Q; = 5 x 1073 C.
Particle P» has a negative charge polarity. In figure 5.31(a) particle P, has a fixed charge
of 2 = —0.01()1 and a variable mass MQ”“” < M3 < 10M;. The minimum mass Mémn is
determined by the stability condition in equation (3.18). The maximum mass is limited
for practical reasons, as in theory, neglecting gravity and spatial particle extension, there
is no upper limit for a mass that can be stabilized in an ideal trap (see section 3.1). In
figure 5.31(b) the mass of particle P; is set to the same mass as particle P; (My = M)
and its charge is varied between a minimum charge and zero as Q3" < Qo < 0. The
minimum charge Q3" is the negative of the maximum absolute charge value for stable
confinement given by equation (3.18). It is obvious that the absolute specific charge of
the attached particles is always smaller than that of the particle with the higher absolute
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charge. The same is true for the stability parameter |g|. Thus, the assembled particle
compound is always stable in the trap, when the single particles are stable individually
and the combined charges do not vanish completely (@ + Q2 # 0).

One should keep in mind, that the static voltage used for axial particle stabilization
influences the area of stability and should be kept as low as possible as explained in
section 3.1.2. In particular, for small values of ¢, care has to be taken not to lose the
particles.

So far, vacuum conditions are assumed. Buffer gases at higher pressure increase the
stable areas and improve stability (see figure 3.5). In this thesis, the traps are operated
under atmospheric conditions, which allows for a broad range of specific particle charges
to be stabilized at the same time and the same trap parameters.

5.4.4. Coupling of Optically Active Particles to Microresonators

The assembly technique is carried out with silica microspheres and different active parti-
cles. During the procedure, the particles are observed from above the trap by scattered
laser light, as can be seen in figure 5.32. In the shown case particle 1 is a positively charged
silica microsphere with a diameter of 4.8 pm. Particle 2 is a negatively charged cluster of
100 nm polystyrene beads with an overall diameter of around 3 pm. The size of the clus-
ter is chosen to observe both particles with similar scattering intensities. Figure 5.32(a)
shows the situation illustrated in figure 5.28(e). The polarity of the segment voltage is
negative. In the axial trap direction particle 1 is stabilized by electrostatic attraction
to an electrode segment, while particle 2 is held between two segments by electrostatic
repulsion. Both particles are identified by fluorescence or scattering spectroscopy. The
images in figure 5.32(b) and (c) correspond to figure 5.28(f). Both particles are brought
closer together by switching on and off the segments, respectively, that hold both particles
in place. Once close enough, the Coulomb attraction leads to an acceleration of both par-
ticles towards each other, as can be seen in figure 5.32(c). Eventually, the particles collide
and form a compound particle, that stays in the trap. Its resulting charge depends on
the initial single particles. In the axial trap direction the compound particle is stabilized
by repulsion of neighboring segments, as depicted in figure 5.28(g). This ensures that the
stability parameter a is almost zero to avoid particle loss (compare to figure 5.30). For
optical analysis, the particle assembly is brought into the microscope focus, as shown in
figure 5.32(d). The moment of particle collision can also be seen for two silica micro-
spheres with diameters around 4.8 pm in figure 5.33. The image frame is captured with
an exposure time of approximately 30 ms and shows the trajectories of the single particles
as well as the assembled compound particle.

The coupling technique is carried out to assemble different particle systems in the trap.
Optically active particles attached to spherical microresonators demonstrate the applica-
bility of the method for electromagnetic coupling of small particles. In a first experiment,
clusters of commercially available colloidal core-shell quantum dots (Evident Technologies,
CdSe/ZnS Core-Shell EviDots) are coupled to silica microspheres (microParticles, silica
particles). While the size of a single quantum dot crystal is 4 nm according to the product
specifications, clusters of several quantum dots with overall diameters between 100 nm and
2pm are typically trapped, which is mainly due to agglomeration of quantum dots prior
to and during injection. The steps of the particle coupling are shown in figure 5.34. In
figure 5.34(a) the measured fluorescence emission spectrum of a quantum dot cluster sta-
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Figure 5.32.: Image sequence of particle assembly in the segmented trap. Both particles can be
recognized by scattering of laser light guided along the trap. The microscope objective is used for
particle characterization by scattering and fluorescence spectroscopy. (a) Two charged particles
with opposite polarity are confined in two adjacent segments. (b) By changing the segment voltages
the particles are pushed closer together until (c) they collide due to their Coulomb attraction. (d)
The coupled particles stay in the trap and can be further analyzed by optical spectroscopy. The
scale bar in (c) refers to all four images. From [216].

Figure 5.33.: Assembly of two silica microspheres with diameters around 4.8 pm in the trap. The
particles are attracted towards each other due to their opposite charges. The exposure time of
approximately 30 ms is long enough to show the trajectories of the two particles together with the
finally assembled compound particle in one image.
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Figure 5.34.: One-by-one characterization and subsequent coupling of a single quantum dots
cluster and a silica microsphere in the segmented trap. (a) Fluorescence emission spectrum of the
submicron quantum dot cluster. (b) Image of laser light scattered by the cluster. (c) Measured
and calculated white-light scattering spectra of the microsphere with an estimated diameter of
8.81 um. (d) Image of the microsphere under dark-field illumination. Incident white light from the
upper left is coupled to counterpropagating WGM. The white dashed ring indicates the position of
the sphere. (e) Fluorescence emission spectrum of the assembled compound particle. Modulation
of quantum dot fluorescence occurs through WGM of the microsphere. (f) Fluorescence image of
the compound particle. The quantum dot cluster sits below the microsphere. Measured spectra
are corrected for background light obtained from the empty trap. From [216].
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bilized in the trap can be seen. The emission is centered around 600 nm with a full width
at half-maximum (FWHM) of 30 nm. Excitation occurs from the side with the argon-ion
laser at a wavelength of 514.5nm (see figure 4.21 for details of the optical setup). The
diameter of the cluster particle is estimated to be below 1 pm from the image of scattered
laser light in figure 5.34(b). After characterization of the quantum dot cluster, a sin-
gle silica microsphere is trapped and positioned in the focus of the microscope objective.
The scattering spectrum measured under dark-field illumination with white light from the
halogen lamp is shown in figure 5.34(c). By comparison of the spectral positions of the
WGM resonances in the measured spectrum to calculated Mie spectra (see section 2.1.3),
the size of the sphere is estimated, as already done in section 5.3.5. The best agreement
is achieved for a theoretical diameter of the silica sphere of 8.81 pm. In figure 5.34(d) an
image of the scattering light of the same sphere can be seen. Coming from the upper left,
the light excites counterpropagating modes in the sphere, which can be observed at the
two bright spots. At these points the light guided inside the sphere is partly scattered out
towards the detection path. After assembly, both particles stick together and remain in
the trap. The resulting charge polarity is equal to that of the initial single sphere. The
electromagnetic coupling of the two particles is proven by the fluorescence emission spec-
trum obtained under excitation with the argon-ion laser in figure 5.34(e). The fluorescence
emitted by the quantum dots is coupled into the WGM of the microsphere and eventually
scatters into the microscope objective. Similarly to the single sphere illuminated by white
light, the coupled system shows sharp peaks with the same spectral distances, but with
the important difference that the overall shape of the spectrum is given by the spectral
emission of the quantum dot cluster. The quantum dot cluster attached to the microsphere
can clearly be identified in the image in figure 5.34(f), showing the fluorescence emission
of the compound particle system under laser excitation.

To detect the fluorescence emission modulated by the sphere, spatial filtering of the
collected light is needed, as the quantum dot cluster emits in all directions. The sketch
in figure 5.35 illustrates the detection scheme. While the laser beam illuminates both
particles, only fluorescence guided by the microsphere and scattered from that part of the
sphere opposite to the emitter is detected. Light emitted to free space is blocked by a
pinhole.

In another experiment, an active nanoparticle containing organic emitters (Invitrogen,
FluoSpheres carboxylate-modified) is coupled to a smaller spherical microresonator (mi-
croParticles, silica particles). In figure 5.36(a) the fluorescence emission spectrum of a

—

pinhole

emitter

Figure 5.35.: Resonance detection scheme. Only emitter fluorescence guided by the microsphere
is detected. The brighter emission to free space is spatially filtered out by the pinhole. Adapted
from [216].
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Figure 5.36.: One-by-one characterization and subsequent coupling of a single dye-doped
polystyrene bead and a single microsphere in the linear trap. (a) Fluorescence emission spectrum
measured on the 100nm polystyrene bead containing red fluorescent molecules. (b) Measured
white-light scattering spectrum of the silica microsphere with a diameter of 4.64 pym. The size is
estimated by comparison to the theoretical scattering spectrum calculated by Mie theory. (c) Flu-
orescence emission spectrum of the levitated compound particle measured under laser excitation
after assembly. Measured spectra are corrected for background light obtained from the empty trap.
From [216].

levitated, dye-doped polystyrene bead with a diameter of 100nm is shown. Similarly
to the previous experiment, the silica microsphere is characterized by dark-field spec-
troscopy, after characterizing the fluorescent bead. The scattering spectrum measured
under white-light excitation can be seen in figure 5.36(b). Comparison to calculated Mie
scattering spectra results in an estimated diameter for the silica sphere of 4.64 pm. After
assembly, electromagnetic coupling can be seen from the fluorescence emission spectrum
in figure 5.36(c), by applying the detection scheme explained in figure 5.35. Again, the
emitter fluorescence is modulated by the WGM of the spherical microresonator.

Almost all of the assembled particle compounds stay in the trap. They fulfill the same
stability conditions as the initial single particles, as explained in section 5.4.3. In all
coupling experiments done for this thesis, only a small fraction (< 1%) failed due to
particle loss. In such rare cases the resulting absolute charge value is believed to have
been too small for stable confinement under the used trap parameters. With a fraction of
cases (< 5 %) it happens more often that the particles collide but do not remain attached.
After the contact they are again separated in the trap but repulsion between them is
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observed. This can only be explained by a charge transfer during the contact, resulting in
the same charge polarity on both particles.

Apart from being reliable, particle assembly in the segmented trap it is also very fast.
Several particle compounds per hour can be produced, including characterization prior to
and after the assembly, as well as deposition. Other selective assembly methods [37] do
not reach such a high throughput. With the particles lined up in the trap, there is no need
for time-consuming scans of a substrate. Additionally, the assembly is self-organizing and
requires no further alignment. In contrast, random assembly methods can be even faster,
but lack the flexibility to characterize and select individual particles. For instance, within
an ensemble with inhomogeneous size distribution this capability is indispensable.

The assembly technique is not limited to a specific kind of particle ensemble. It can
be applied to all particles that can be stabilized at the same time in the segmented trap.
This is most convincing for particles with similar masses. In figure 5.37(a) two silica
microspheres with diameters around 4.8 pm can be seen. After characterization they are
combined and stay in the trap. A similar result for two differently-sized silica microspheres
is shown in figure 5.37(b). It is even possible to attach further particles to the particle
compound. In figure 5.37(c) three silica microspheres with diameters of around 4.8 pm are
shown. The microspheres are trapped and characterized individually. After the assembly
of the first two spheres, the third one is added by choosing the control voltages with
respect to the overall charge of the two-sphere compound. The self-aligned linear structure
of the three attached spheres demonstrates that the initial charges partially remain on
the surface of each particle. While the third particle is attracted to the sphere with
opposite charge, it is repelled from the other sphere with the same charge polarity. Thus,
it contacts the particle compound while maintaining the largest distance possible from the
repulsing charges. This assembly can only succeed when the overall attraction outweighs
the repulsion.

Figure 5.37.: Different levitated silica microsphere compounds assembled individually in the seg-
mented trap. The spheres are visible by scattering of white light directed from the top. The
white dashed rings indicate the positions of the spheres. (a) Two spheres with diameters around
4.8pum. (b) Two spheres of different sizes (approximate diameters: small sphere 4.8 um, large
sphere 10um). (¢) Three spheres with diameters around 4.8 pm. The self-aligned linear structure
indicates remaining initial charges on the surfaces. From [216].
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5.4.5. Deposition of Particle Compounds

For further analysis, assembled particle systems can be deposited onto other structures, as
already shown for single particles in section 4.6.5. Again, attracting electric forces between
the particle compound and the fiber facilitate landing. Thus, the fiber charge polarity has
to be opposite to the overall charge polarity of the compound particle. For demonstration
purposes, individual silica microspheres with approximate diameters of 4.8 um are attached
to each other and landed on cleaved facets of optical fibers with a diameter of 125 pm.
Figure 5.38(a) shows a fiber facet from above, with two coupled microspheres deposited
23 um off the center. Because of the small depth of field, only the lower sphere is visible.
In figure 5.38(b) the same fiber is shown from the side, now revealing both particles. The
particle assembly lands upright on the fiber surface. This can be explained by the dipole-
like charge distribution on the particles, which aligns with the static electric field of the
fiber. In figure 5.38(b) the fiber is positively charged and attracts the lower, negatively
charged sphere. At the same time, the upper, positively charged sphere is repelled from the
fiber, causing the upright orientation of the placed particle assembly. Deposition of more
than two assembled particles is also possible, but the complex charge distribution leads to
instabilities of the particle stacks. In figure 5.38(c) a deposited assembly of three spheres
is shown. Again, the stack of spheres is oriented upright, but tends to bend towards the
fiber surface. This might be due to attraction between the upper sphere and the fiber,

Figure 5.38.: Different assemblies of microspheres with diameters of around 4.8 pm deposited on
cleaved facets of optical fibers with a diameter of 125 pym. (a) Two spheres deposited 23 pm from
the fiber core. Ounly the lower sphere can be seen in this image, due to the small depth of field. (b)
The view from the side reveals both spheres. Induced by the dipole-like charge distribution, the
compound particle aligns with the static electric field of the fiber and lands upright on the facet.
The inset shows the particles with a higher magnification. (c) Assemblies of three particles tend
to bend towards the glass surface. (d) Stable stacks of four or more particles are not achieved due
to the complex charge distribution. (a) and (b) from [216].
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but it is also possible that the spheres did not perfectly align in the trap. In the case of
four spheres no stable stacks are obtained at all. Due to the complex charge distribution,
the particle assemblies collapse or fall apart, as shown in figure 5.38(d).

5.4.6. Conclusion

A new method for the assembly of individual nano- and microparticles in a segmented
linear Paul trap is demonstrated. The presented technique enables attaching pre-selected
levitated particles to each other in a versatile, reliable and fast way. Formation of com-
pound particles is facilitated by electrostatic attraction. The assembled particles stay in
the trap and are further analyzed and deposited on other structures.

Assembly of pre-selected spherical microresonators is a promising approach to study
mode-splitting effects in large photonic molecules [296] without interaction with supporting
surfaces. Resonant coupling of levitated individual microspheres goes beyond the scope
of this thesis, but it might also be a useful method for building custom coupled resonant
optical waveguides (CROW) [304, 305]. For filtering and selection of single modes it is
even possible to combine differently sized microspheres.

Additionally, particles with differing sizes and masses are stabilized in the trap at the
same time and assembled with the presented technique. This is promising for electromag-
netic coupling of preselected emitters to resonator particles, for instance a NV defect center
in a single diamond nanocrystal coupled to a microsphere or a plasmonic resonator [37].
There is no general limit of the method, as long as all involved particles fulfill the same
stability condition (equation (3.18)).

Trapping of different particles at the same trap parameters requires similar specific
particle charges % When the mass difference between the particles is large, it might
be necessary to control the amount of their charges to maintain stability. This becomes
even more important when the assembly is carried out in vacuum, where particle stability
is no longer improved automatically by atmospheric friction (see figure 3.5). Different
ionization methods might be used to generate different amounts of particle charges, but
also a modification of the particle charge after injection seems to be feasible. A reduction
of particle charges after electrospray ionization has been demonstrated by using alpha
particles from a polonium source [240], but charge elimination with electrons from a nearby
filament seems to be more applicable.

When further particles are attached to a priorly-assembled particle compound, self-
alignment due to the particles’ surface charges is observed, resulting in linear particle
systems. For instance, this method could be used to compose self-similar antennas [293]
very easily.

Deposition of compound particles onto other structures extends the usability of the
assembly technique. Particle systems can be placed onto substrates for further analysis or
to functionalize other photonic structures. This might be useful for integration of custom
hybrid particles into nanophotonic devices. For instance, to overcome the problem of over-
coupling between a spherical microresonator attached to a tapered optical fiber (compare
to section 5.3.5), the distance between the two could be controlled by a small spacer
particle attached to the microsphere. With the self-oriented deposition the particles could
be landed on the taper, so that the microsphere is not directly touching the taper.
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6. Laser-Induced Manipulation of Individual
Gold Nanoparticles

Apart from experiments with particles in linear Paul traps, during this thesis, some addi-
tional work is done on the modification of plasmonic nanoparticles on a glass substrate. A
new approach to tuning the plasmon resonances of individual metal nanoparticles solely
with focused laser light is developed. The technique is demonstrated by controlled laser-
induced melting and shaping of single gold nanoparticles. The results presented in the
following chapter are also published in Nano Letters [306].

6.1. Introduction

The spectral response of metal nanoparticles is attributed to plasmon resonances, as ex-
plained in section 2.3. Their properties are determined by the size and the shape of the
particle, in addition to the electronic properties of the particle material and the surround-
ing medium [9]. Thus, plasmon resonances can be adjusted by control of at least one of
these parameters. Customization of plasmonic nanoparticles is advantageously used in var-
ious applications, like sensing [20], photovoltaics [17], catalysis [99] and plasmon-assisted
light sources [307,308].

The most obvious approach to such customization is to set the geometrical parameters
at the time of particle synthesis by manipulation of the nucleation [44] or the particle
growth [309]. Size and shape can also be altered after particle production by material
ablation [310] or melting [311] with femtosecond laser pulses. Even shape transformation
by laser-induced photoionization is observed for silver and gold nanoparticles embedded in
glass [312-314]. More sophisticated methods involve particle deformation by pressure [59]
or synthesis of porous nanoparticles, which offer efficient tuning by the particle size [315] or
its percolated structure [316]. They can also be tuned by morphology changes induced by
surface modifications [60]. A completely opposite approach is to modify the environment,
without changing the particle itself, to adjust the plasmon resonance [105].

Most reported methods aim at the preparation of large particle ensembles in films or
colloidal solutions with subsequent analysis by optical and scanning probe microscopy.
None have been applied to in-situ tuning, where the plasmon resonance of a specific
single nanoparticle is adjusted with respect to a specific configuration, with a priori un-
known spectral properties. Such needs arise, when the plasmon resonance of an individual
nanoparticle, acting as a nanoantenna, is matched to a nearby emitter, like a quantum
dot [103] or a defect center in a nanodiamond [29], or to plasmon resonances of other metal
particles in a multi-particle antenna assembly [317].

In this chapter, a new method is described that enables in situ plasmon resonance
tuning of an individual metal nanoparticle for the first time. By laser-induced melting and
shaping, the symmetry of a single gold nanoparticle is changed, which enables modification
of its plasmon resonance in a controlled way, including the opportunity to reverse any
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6. Laser-Induced Manipulation of Individual Gold Nanoparticles

changes. The tuning process is monitored by observation of the optical and geometrical
properties of the particle. The result is a splitting of the particle plasmon resonances by
spectral shifts due to a symmetry break of the particle geometry. This new technique
is versatile and reliable and can be applied without requiring an extensive experimental
effort, as will be shown in the following.

6.2. Experimental Setup

A schematic of the experimental setup used to characterize and manipulate single gold
nanoparticles is shown in figure 6.1. It is a home-made inverted optical microscope with
an atomic force microscope (AFM, see figure 4.31 for details) above (JPK Instruments,
NanoWizard BioAFM). This combination allows for almost simultaneous measurement
of optical and geometrical properties of the particles. Dark-field microscopy (compare
to section 4.3.3) is used to identify particles on the glass substrate and to measure their
optical scattering spectra. Therefore, white light from a fiber-coupled xenon arc lamp
(LOT-QuantumDesign, LSB511) is focused at a shallow angle onto the sample below the
AFM. The light can be linearly polarized in order to excite separate plasmon modes in
the different particle axes. Scattered light is collected with an oil-immersion microscope
objective (Olympus, PlanApo 60x) with a numerical aperture of 1.4. The incident white
light is blocked by a dark-field aperture in the detection path, to ensure measuring light
only scattered by the particles. For investigation of a single particle the signal is spa-
tially filtered with an additional confocal pinhole with a diameter of 50 pm. Eventually,
detection occurs by an EMCCD (electron multiplying CCD) camera (Andor, iXon) or by
a spectrograph (Princeton Instruments, Acton 2500i) in combination with a CCD camera
(Andor, iDus). A flip mirror is used to switch between the two detectors. Both cameras
are thermo-electrically cooled to reduce sensor noise.

For photoluminescence spectroscopy, particles are excited with blue light from a water-
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Figure 6.1.: Schematic of the optical microscope setup used for characterization and modification
of single gold nanoparticles. Adapted from [306].
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6.3. Plasmon Resonance Tuning

cooled argon-ion laser (Spectra Physics, BeamLok 2080) with a wavelength of 457.9 nm.
The light is spatially and spectrally filtered by a single-mode fiber and a laser line filter,
respectively, before it is brought into the optical path with a beam sampler with a reflectiv-
ity of about 5% (Thorlabs, BSF10-A) and focused onto the sample with the oil-immersion
microscope objective. Light from the sample is collected with the same objective and
passes the beam sampler with a transmittance of about 95% towards the detection sys-
tem. Long-pass filters (Schott, GG495 and OG515) block the remaining excitation light
while the confocal pinhole filters the signal spatially. Melting and shaping of single par-
ticles is done with the same laser but tuned to the green argon line with a wavelength
of 514.5nm. The wavelength of the laser emission in single-line operation mode is set by
adjusting the prism assembly, consisting of a prism and a high reflector, at the rear end of
the laser cavity. To be able to monitor the tuning progress by the particle photolumines-
cence, the laser line filter and the long-pass filter (Schott, OG550) are changed with the
emission line of the laser.

Full control of the focus position on the sample is achieved by combinations of piezoelec-
tric actuators attached to mechanical stages. Such combinations allow for fine and rough
adjustment, respectively. In the two horizontal directions the sample position is adjusted
(piezosystem jena, PXY 80 D12 in combination with Newport, M-406), while in the ver-
tical direction the position of the microscope objective is set (piezosystem jena, MIPOS
3 in combination with Newport, M-UMR 5.16). The position of the AFM on top of the
sample stage is controlled separately by individual, integrated stages and piezoelectrical
actuators.

6.3. Plasmon Resonance Tuning

In this experiment, commercially available gold nanoparticles with a mean diameter of
80nm are used (BB International, Gold Colloid 80 nm). The initial aqueous solution
is spin-coated without further dilution onto a standard glass coverslip with a rotational
speed of approximately 1800 rpm. The coverslip is cleaned in a previous procedure with
water and an alkaline cleaning agent (Hellma, Hellmanex).

6.3.1. Optical Characterization of a Single Gold Nanoparticle

Orientation of the microscope to the sample is done by dark-field microscopy. Illuminated
with unpolarized white light, the equally sized gold nanoparticles show similar scattering
intensities, as shown in figure 6.2. A donut pattern can be recognized for each particle,
similar to an oscillating dipole normal to the glass surface [102,318]. The preferred emis-
sion direction indicates that the orientations of the localized surface plasmon modes are
influenced by the glass substrate [319].

Prior to the modification procedure, a single nanoparticle is characterized by its scat-
tering signal under white-light illumination. A typical dark-field scattering spectrum can
be seen in figure 6.3(a) (black curve). When switching to laser excitation at 457.9nm, a
similar spectrum is obtained for the photoluminescence signal (red curve). Both signals
arise from particle plasmon resonances [320] and show similar spectral properties. It is
noticeable that the maximum peak in the scattering spectrum is always found at a higher
wavelength than in the photoluminescence spectrum. This behavior fits reports of the
photoluminescence coinciding with the extinction spectrum obtained from optical density
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6. Laser-Induced Manipulation of Individual Gold Nanoparticles

Figure 6.2.: Dark-field image of gold nanoparticles with an average diameter of 80 nm spin-coated
on a glass substrate.
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Figure 6.3.: Experimental and theoretical emission spectra of a single 80 nm gold nanoparticle.
(a) Measured dark-field scattering (black curve) and photoluminescence (red curve) spectra. (b)
Scattering (black curve) and extinction (red curve) Mie cross sections. The relative intensities of
the measured spectra are insignificant due to the use of different excitation schemes.

measurements on gold nanoparticles in aqueous solution [320]. This shift is reproduced by
theoretical scattering and extinction cross sections of an 80 nm gold sphere calculated with
Mie theory (see section 2.1.3), as shown in figure 6.3(b). The effective index of refraction
of the particle environment (averaged value considering the air and glass half-spaces) is
estimated to be 1.25, by fitting the spectral peak position of the calculated scattering cross
section to the measured scattering maximum. The spectral distance between the maxima
of the calculated scattering (black line) and extinction (red line) cross sections resembles
the distance between the measured spectra in figure 6.3(a) very well.
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6.3. Plasmon Resonance Tuning

6.3.2. Laser-Induced Melting and Shaping

The plasmon resonance of a single gold nanoparticle is modified by laser-induced melting
and shaping. After optical characterization the argon-ion laser is tuned to the emission
wavelength of 514.5nm and focused onto the particle. The tuning progress is observed
in the photoluminescence image. In contrast to the scattering image, it shows no donut
pattern prior to melting due to the different excitation direction, as shown in figure 6.4(a).
When the laser intensity is increased, a change of the photoluminescence emission is
observed. Starting at around 8 x 10> W cm™2 the spot-like image begins to widen (see
figure 6.4(b)) and transforms into a donut profile at approximately 1.2 x 105 W em =2 (fig-
ure 6.4(c)). The donut pattern becomes more distinct with higher laser intensities up to
1.8 x 105 W em ™2 (figure 6.4(d)). At any time, the procedure can be stopped by reducing
the laser intensity or switching it off, leaving the emission pattern in the current state.

After the modification, the increase in the dipole-like emission is also observable in
the white-light scattering pattern of the elongated particle. The dark-field image in fig-
ure 6.5(a) shows three spherical gold nanoparticles. In figure 6.5(b) the same particles can
be seen, after laser-induced melting and shaping has been applied individually. Particle
2 is modified with a maximum laser intensity of 1.1 x 105 W cm™2 and particle 3 with
1.8 x 106 Wem™2. Compared to particle 1, which is left in its original state for refer-
ence, particle 2 and even more particle 3 show enhanced scattering intensities towards the
microscope objective and a stronger visibility of the donut pattern.

(@) (b)

Figure 6.4.: Photoluminescence emission pattern of a single 80 nm gold nanoparticle during laser-
induced tuning of its plasmon resonance. (a) In contrast to dark-field the photoluminescence
image of the spherical particle shows no donut pattern prior to melting. (b) At a laser intensity
of I ~ 8x10°Wcm~2 the emission image starts to widen and (c) forms a donut pattern at
I ~12x10°Wem™2. (d) The donut pattern becomes more pronounced with higher intensities
up to I ~ 1.8 x 10 Wem™2. No scale bar is provided as each image is individually normalized.
From [306].
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Figure 6.5.: Three 80 nm gold nanoparticles on a glass coverslip prior to and after tuning. (a)
Dark-field images before and (b) after individual laser-induced elongation of particle 2 (laser inten-
sity 1.1 x 105 Wem™2) and particle 3 (laser intensity 1.8 x 105 W em=2). Particle 1 is not tuned
for reference. The color bar refers to both (a) and (b). From [306].

The change of the emission pattern is caused by a controlled elongation of the initially
spherical particle in the direction parallel to the laser beam due to laser-induced melting
and shaping. The particles shown in figure 6.5 are characterized by the AFM on top of
the microscope setup. As the particle distribution around the modified particles is known
from the dark-field image, orientation onto the sample is straightforward with the AFM
and the modified particles are easily retrieved. In figure 6.6 the height of the un-modified
particle 1 (green curve) is measured to be approximately 80nm, as expected. Similar
heights are confirmed for the other particles before tuning. Afterwards, particles 2 and
3 are found elongated, standing upright on the glass coverslip. The height of particle 2
(black curve) is raised to 105nm, and that of particle 3 (red curve) as high as 123 nm.

Spectral measurements of the scattered white light obtained under dark-field illumina-

140

120 3
100
80

60 1

Height (nm)

40

20

0

0 100 200 300
Width (hm)

Figure 6.6.: Height of the particles from figure 6.5(b) measured with the AFM. Particle 1 (green
curve) is not modified to be used as a reference. Particles 2 (black curve) and 3 (red curve) are
tuned with laser intensities of 1.1 x 106 Wem™2 and 1.8 x 106 W ecm ™2, respectively, and stand
upright on the glass coverslip. From [306].
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Figure 6.7.: Emission spectra of the particles from figure 6.5(b). After elongation of the initially
spherical particles red-shifts of the plasmon resonance peaks can be observed in the (a) white-
light scattering spectra and the (b) photoluminescence spectra. All spectra are corrected for a
background signal from an empty site on the substrate. From [306].

tion reveals a red-shift of the plasmon resonance peak for each elongated particle, in addi-
tion to the increased scattering towards the microscope objective, as shown in figure 6.7(a).
Similar behavior is observed for the photoluminescence emission spectrum measured un-
der laser excitation at 457.9nm (compare to section 6.3.1), shown in figure 6.7(b). For
particles 2 and 3, red-shifts of the plasmon resonances of 35 nm and 90 nm are measured
in the scattering as well as in the photoluminescence spectra, respectively. The strength
of the spectral shift depends on the particle elongation reached which can be controlled by
the laser intensity. For a set moderate value (I < 2 x 10° W cm™2) the particle elongation
together with the change of the emission pattern and spectrum is permanently, and can
be changed only when the used laser intensity is further increased.

The changed geometry of the tuned particles is confirmed with a scanning electron
microscope (SEM). This method requires electrically conductive and grounded samples
to avoid the accumulation of electrostatic surface charges which would disturb the image
acquisition. For this purpose, an elongated gold nanoparticle is transferred from the glass
coverslip to a glass substrate coated with an electrically conducting layer of indium tin
oxide (ITO). The transfer is done with an elaborate pick-and-place method [29,242], as
depicted in figure 6.8. In the dark-field image shown in figure 6.8(a) an elongated particle
with a strong scattering intensity towards the microscope objective can be identified.
This particle is picked-up with the AFM tip in contact mode by pressing it on the particle.
Typically, a few attempts are necessary for this task. Figure 6.8(b) shows that the particle
is lifted from the sample. For deposition the uncoated coverslip is replaced by the ITO-
coated substrate. Dark-field imaging is used for orientation on the new substrate as well.
In figure 6.8(c) the shadow of the AFM tip almost approached to the surface can be
seen. The tip of the shadow roughly indicates the position of the AFM tip on the sample.
Generally, the new substrate offers no prominent characteristics in the dark-field image, as
it is cleaned in a previous procedure (see section 6.3). To retrieve the particle in the SEM,
a marking is applied on the surface with an ordinary permanent marker, that is visible as
black lines in the dark-field image of the new substrate in figure 6.8(d). When the AFM
tip is in the vicinity of the marking, the particle is deposited by dragging the AFM tip
over the sample. The success of the deposition is verified by the appearance of a bright
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6. Laser-Induced Manipulation of Individual Gold Nanoparticles

Figure 6.8.: Dark-field images depicting the transfer of an individual gold nanoparticle from the
uncoated glass coverslip to an ITO-covered substrate. (a) The elongated particle is picked up with
the AFM tip and (b) lifted from the surface. (c) The shadow of the AFM tip is used to navigate
roughly on the sample. (d) The particle is deposited close to markings (black borders) on the
otherwise empty ITO substrate to facilitate retrieval with the SEM.

Figure 6.9.: SEM images of gold nanoparticles on ITO-covered glass substrates. (a) Unmodified
spherical gold nanoparticle. (b) Prolate gold nanoparticle elongated by the melting laser. The
elliptical object at the base of the particle is an artifact as it is not visible in the AFM image.
From [306].

scatterer in the dark-field image of the new substrate. After deposition, the ITO-covered
substrate is transferred into the evacuated sample chamber of the SEM and adjusted to
focus the surface. The particles are found with the SEM by following the marking. In
figure 6.9(a) the SEM image of a spherical gold nanoparticle with a diameter of 80 nm can
be seen. The unmodified particles are put on the substrate by ordinary spin-coating. In
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6.3. Plasmon Resonance Tuning

contrast, figure 6.9(b) shows an elongated gold nanoparticle, after tuning with the laser
on the uncoated coverslip and subsequent transfer to the ITO substrate. The particle is
lying on its side, revealing the changed symmetry very clearly.

The asymmetric shape of a tuned gold nanoparticle is also verified by optical means.
Under dark-field excitation, linear polarization of the incident white light allows for se-
lective excitation of particle plasmon modes along different particle axes independently of
each other. In figure 6.10 measured white-light scattering spectra are compared to com-
puted scattering cross sections for an initially spherical gold nanoparticle with a diameter
of 80 nm elongated to a prolate spheroid with a long axis diameter of 110 nm. The linear
polarization of the incident white light is chosen to be either normal (black curves) or
parallel (red curves) to the glass surface, to excite the elongated or a shortened particle
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Figure 6.10.: Optical measurement of changed particle symmetry by scattering spectroscopy un-
der linearly polarized dark-field excitation. Measured spectra (a, c, ) are compared to computed
scattering cross sections (b, d, f) for a gold nanoparticle with an initial diameter of 80 nm elon-
gated to a prolate spheroid with a height of 110nm. The white excitation light is linearly polarized
normal (black curves) or parallel (red curves) to the supporting glass surface. (a+b) Unmodified,
spherical gold nanoparticle. (c+d) Elongated particle after laser tuning, standing upright on the
coverslip. (e+f) Same particle as before, but lying on its side. From [306].
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6. Laser-Induced Manipulation of Individual Gold Nanoparticles

axis, individually. Figure 6.10(a) shows no spectral difference in the scattering spectra
of an unmodified, spherical gold nanoparticle with a diameter of 80nm for the two lin-
ear polarization directions. The only observable difference is the significant drop of the
detected scattering intensity when switching the linear polarization direction of the exci-
tation light from normal to parallel to the glass surface. This observation is legitimized in
figure 6.10(b) by the computed scattering cross sections of the same configuration. After
elongation, different particle plasmon resonances are excited, depending on the relative
linear polarization of the incident light. As shown in figure 6.10(c) a red-shifted plasmon
resonance is observed when the elongated axis of the upright particle is excited, similar
to the theoretical result in figure 6.10(d). No signal is obtained from the upright particle
if only a short axis is excited, although a blue shift is expected due to the shortened di-
ameter. The collected signal is too small to reveal any spectral characteristics. However,
a sufficient signal from the short axis is measured, when the particle is toppled over with
the AFM. In figure 6.10(e) the measured plasmon resonances of the long and a short axes
of the particle lying on its side can be seen. The blue shift is barely visible due to the
less pronounced change of diameter compared to the long axis. This is verified by the
theoretical findings for this configuration in figure 6.10(f).

The reduction of the particle width can be measured more efficiently with the AFM. In
figure 6.11(a) the AFM image of another gold nanoparticle elongated to 110 nm is shown.
With the particle standing upright, the width cannot be determined sufficiently due to
convolution of the sample and the a priori unknown shape of the AFM tip [321]. This issue
is overcome by toppling the elongated particle over with the AFM tip in contact mode
(compare to section 4.6.5). The result is shown in figure 6.11(b). A particle width of
70nm is measured with an uncertainty of £2nm due to external vibrations of the setup.
However, the measured particle width corresponds very well to the expected reduced
width of 68 nm, calculated by assuming a constant particle volume and a prolate spheroidal
particle geometry after the tuning. In figures 6.9 and 6.11 it is noticeable that the elongated
geometry resembles more an ovoid than a prolate spheroid. This could explain the small
deviation of the particle width measured with the AFM compared to the expected value.

The scattering cross sections shown in figure 6.10 are computed by Christian Matyssek
(AG Theoretische Optik & Photonik, Institut fiir Physik, Humboldt-Universitat zu Berlin)
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Figure 6.11.: AFM images of a gold nanoparticle after tuning. (a) The elongated particle stands
upright on the glass coverslip with an elongated height measured to be 110nm. (b) The diameter
of the short particle axes is measured to be 70 nm on the particle toppled to the side with the AFM.
Compared to the 80 nm diameter of the initially spherical particle, the short axis is decreased by
10nm. The scale bar refers to (a) and (b). From [306].
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using the discontinuous Galerkin time-domain method [322,323] and the material model
given in appendix A.2. The results are in good agreement with the experimental find-
ings. All observed changes of the particle’s plasmon resonances are confirmed very well,
although a systematic shift to the blue is exhibited in the theoretical curves, as well as dif-
ferent relative heights between the two polarization directions compared to the measured
signals. These deviations are attributed to differences in the indices of refraction of the
particle surroundings and the collection angle of the detection between the experimental
setting and the theoretical model. In contrast to the computation, which includes all scat-
tering angles, the microscope objective has a limited acceptance given by its numerical
aperture. In addition, deviations of the real particle geometry from the assumed ideal
prolate spheroidal shape and a non-perfect alignment of the linear polarization direction
relative to the designated particle axes might explain smaller spectral deviations.

6.4. A Simple Model for Melting and Shaping with a Focused
Laser Beam

The laser-induced elongation of a metal nanosphere to a prolate spheroid on a glass cover-
slip involves an intricate interplay of heating and shaping effects, like frequency-dependent
absorption of laser light and heat conduction, as well as a force balance between light pres-
sure, surface tension and wetting. In this section a simple model is given that predicts
the complete melting of the particle material and explains the forces responsible for the
formation of the asymmetric nanoparticle.

6.4.1. Temperature Distribution

The temperature of a single gold nanoparticle in the focused laser beam is estimated by
calculating the heat transfer to and from the particle in a one-dimensional heat conduction
problem. The nanoparticle absorbs heat according to its absorption cross section Cyps and
the laser intensity Iy. The resulting increase of the particle temperature is counteracted
by heat conduction. After a short warming-up phase, a steady-state regime is assumed,
where the temperature distribution in and outside the particle is constant over time. The
air-glass environment of the particle with radius R is simplified to an isotropic medium
with an effective thermal conductivity x¢ [324]. As a result from the model, the particle’s
surface temperature Ty is calculated from the room temperature Ty with

C’absIO

T, =Ty + ———.
s 0+47mfR

(6.1)

More details about the one-dimensional temperature model are given in appendix C.

In figure 6.12 the results from the temperature model are shown, calculated for values
from the experiment (see table C.1). In figure 6.12(a) the steady-state surface temperature
of a gold nanoparticle with a diameter of 80 nm is shown as a function of the excitation
laser wavelength. The laser power is set to 0.315mW, corresponding to an intensity of
8 x 10°Wem™2 in the diffraction limited spot of the focused laser at a wavelength of
514.5nm (see equations (C.19) and (C.20)). The first changes in the emission pattern
are observed in the experiment at this laser intensity (compare to figure 6.4). The graph
indicates a particle temperature heated up above the melting temperature T},.;; of bulk

133



6. Laser-Induced Manipulation of Individual Gold Nanoparticles

(@) (b)

1600 . — . . 1600
c10t N /AN 1400 F
£ 1200 melt 2 1200t
B 8.1
(o) 1000 [0) 1000  :
o Q :
& s00f § 800t
S 600 | Art 3 600} |
Dﬂ_j 400 | Iaser; DG_S 400} :
0 s S S — 0 S —
400 450 500 550 600 650 700 0 0.2 0.4 0.6 0.8 1
Wavelength (nm) Distance (um)

Figure 6.12.: Steady-state temperature calculations for a spherical 80nm gold nanoparticle,
heated up in the diffraction-limited spot of the focused laser. An isotropic surrounding medium is
assumed with an effective thermal conductivity accounting for the presence of air and glass. (a)
Particle surface temperature varying with the excitation wavelength. The laser power of 0.315 mW
means an intensity of 8 x 105 W cm~2 at a wavelength of 514.5nm. (b) Temperature distribution
around the particle for 514.5 nm excitation wavelength. The particle with radius R is centered at
Opm. T),ep¢ is the melting temperature of bulk gold.

gold at 1337 K [325]. A size-dependent reduction of the melting point, as known for very
small nanoparticles, is not expected for a particle with a diameter of 80 nm [326,327]. In
figure 6.12(b) the radial temperature distribution is plotted for the same laser power, but
with a fixed excitation wavelength of 514.5nm. At a distance of 1 pm the particle with
a steady-state temperature of 1428 K heats the surrounding medium by 45 K above the
room temperature of 300 K.

The calculated temperatures fit the experimental findings very well. The minimum laser
intensity needed to modify a spherical gold nanoparticle in the experiment is shown to be
sufficient to heat the particle temperature slightly above the melting point.

6.4.2. Optical Forces

The geometry of the melted and thus liquid droplet of gold is shaped by the forces of
the focused laser beam. Starting from spherical geometry, an elongated particle standing
upright on the substrate is observed after the tuning procedure. A simple model for the
mechanism of particle elongation is shown in figure 6.13. The focused laser beam exerts
a force on the particle that can be separated into two components, as known from the
optical tweezer [61]. The first one acts parallel to the beam direction and results from
radiation pressure due to momentum transfer by absorbed or scattered photons. The
second force component is called the gradient force, as it arises from the intensity gradient
in the focused Gaussian beam, that draws small particles towards the focus. It has been
shown that not only dielectric [328] but also metallic particles can be stabilized in all
three dimensions [329,330], when they are much smaller than the used laser wavelength
(Rayleigh regime). Here, it is assumed that the main driving force for elongating the
particle is the gradient force, squeezing the liquid particle in the radial beam direction.
When the experiment is carried out with a lower intensity gradient, by using a microscope
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Figure 6.13.: Optical forces exerted on the gold nanoparticle in the Gaussian laser beam. The
radiation pressure acts parallel to the beam direction and the gradient force towards the focus.
From [306].

objective with a smaller numerical aperture of 0.7, tuning is not achieved. Even with
higher intensities, elongation of the particle cannot be induced by the focused laser in this
case, although the particle is heated above the melting temperature. This is proven by
the fact that the particle can be pulled apart when it is moved through the laser focus by
changing the position of the sample stage in the horizontal direction.

The forces that have to be overcome for particle elongation are gravitation and surface
tension. Also surface effects like wetting between the particle and the glass substrate may
effect the change in geometry. Though, the gradient force is assumed to be the dominant
effect, as particle elongation is not observed with a smaller intensity gradient. However,
a detailed numerical simulation of all contributing forces is required for a quantitative
comparison, which goes beyond the scope of this thesis.

6.5. Self-Termination and Reversibility

As presented in section 6.3.2, the strength of the tuning is determined by the laser intensity.
For a moderate value of up to approximately 2 x 106 W cm™2, the shift of the plasmon
resonance stops at a certain spectral position, corresponding to a certain amount of particle
elongation. This self-termination is attributed to the modification of the particle geometry
during the tuning. As shown in figure 2.11, not only the cross section for scattering, but
also that for absorption, shifts with the particle elongation. Thus, when the absorption
cross section shifts to the red, heating is reduced and the elongated particle solidifies. From
this point the particle can be further elongated simply by using a higher laser intensity
up to a value of approximately 2 x 106 W cm—2.

When the laser intensity exceeds 2 x 10 Wem™2, the elongated particle collapses or is
damaged. In the case of particle collapse, it is assumed that the increased heating reduces
the elasticity or viscosity of the fully melted, and thus liquid, droplet of gold too much.
When the forces exerted on the particle cannot keep up the elongated shape anymore, the
particle converges to a sphere again, due to the poor wetting of gold to glass. In the case
of particle damage, it may be speculated that evaporation [331] or ablation [310] of some
of the material leads to a loss of material.
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Figure 6.14.: Controlled plasmon resonance tuning of a single gold nanoparticle by laser-induced
melting and shaping in consecutive steps. For each step, M0-M6, the measured particle height
and peak wavelength of the white-light scattering spectrum is shown (see text for details). The
gray dashed curve is meant as a guide to the eye to symbolize the achievable resonance positions
depending on the particle height. From [306].

All mentioned effects, including self-termination, reversibility and particle damage, are
demonstrated on a single gold nanoparticle in figure 6.14. The particle is repeatedly
modified by laser-induced melting and shaping in consecutive steps, in order to tune the
particle plasmon resonance either to longer or to shorter wavelengths. After each step,
the laser is switched off and the cooled-down particle is characterized by its height and
its white-light scattering spectrum. MO indicates the spherical gold nanoparticle prior
to modification. It shows the expected particle height of 80 nm and the maximum of
the scattering signal at 550 nm. After the first tuning step (M1) the particle height is
lifted and the plasmon resonance peak is shifted to a higher wavelength. This red shift
is partly reversed in two tuning steps with higher laser intensities (M2 and M3), that
reduce the particle height and the wavelength of the plasmon resonance peak successively.
The following tuning step (M4) shifts the plasmon resonance peak and the particle height
again to higher values, exceeding those of tuning step M1. However, shifting the plasmon
resonance peak back to the initial wavelength often produces a particle height even smaller
than the starting value of the spherical particle (M5). The higher laser intensity seems to
cause material loss, as the measured combination of particle height and spectral position
of the particle plasmon resonance peak can be explained by a smaller, slightly elongated
particle. From this point, tuning of the plasmon resonance is continued as usual, but with
a reduced particle volume (M6).

6.6. Conclusion

A new approach for tuning the plasmon resonance of a single gold nanoparticle by laser-
induced melting and shaping is demonstrated. In contrast to most common methods,
which control particle synthesis or the particle environment, the presented technique al-
lows for selection of an individual, pre-characterized nanoparticle and subsequent in-situ
tuning. Self-termination enables good control of the outcome and reversibility facilitates
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fine adjustment. All experimental and theoretical findings confirm the interpretation that
the particle geometry is modified by the laser and that the changes in the geometry are
correlated to the observed plasmon resonance shifts.

Resonance tuning by radiation pressure is already shown for soft dielectric microspheres
[58]. With this new method, the range of nanophotonic elements tunable by optical forces
is extended to plasmonic systems, but with one major difference. The geometry change
of the plasmonic particle is permanent, while the dielectric particle returns to its initial
state, when the laser is switched off.

The tuning technique may be beneficial for different applications. The production and
fine-tuning of tailored plasmonic systems with matched resonances can be envisioned, like
self-similar antennas [293] in the substrate plane [332] or other plasmonic oligomers [333].
If the elongated particle can be tilted in a controlled way, either directly during the tuning
by using an oblique beam or afterwards with the AFM, effects from crossed plasmonic
resonators could be investigated and exploited for further applications [334, 335].

Furthermore, in-situ tuning of an individual plasmonic particle can be used to pre-
cisely match its plasmon resonance to a nearby emitter, for example to improve plasmon-
enhanced single photon emission from custom assembled hybrid nano structures [29]. First
results are published from laser-induced tuning of two 60 nm gold nanoparticles close to
a diamond nanocrystal containing a single NV defect center [29]. The hybrid structure
was assembled from individual pre-characterized particles with an earlier version of the
experimental setup presented in section 6.2 but with the same laser and the same micro-
scope objective. Tuning of the gold nanospheres was induced accidentally by increasing
the laser intensity aiming at a higher fluorescence yield. Figure 6.15(a) illustrates schemat-
ically the hybrid system prior to and after tuning. The measured fluorescence time traces
in figure 6.15(b) prove a boost of the excited-state decay rates in the NV defect center.
Compared to the bare diamond (black curve), the decay rate is increased when one (blue
curve) and even more when two spherical gold nanoparticles (red curve) are electromagnet-
ically coupled to the diamond. After excitation of the system with a high laser intensity,
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Figure 6.15.: Performance enhancement of a hybrid single photon source by laser-induced plas-
mon resonance tuning after nanoassembly. (a) Sketch of the gold-diamond system prior to and
after tuning. (b) The decay rate of the excited state of the bare diamond (black curve) is increased
when the first (blue curve) and the second (red curve) gold nanosphere are electromagnetically
coupled to the diamond. After laser-induced plasmon resonance tuning, the decay rate can be
increased even more (green curve). From [29].
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the decay rate of the excited state was increased even further (green curve). This can be
explained by plasmon resonance tuning through laser-induced elongation of one or both
gold nanoparticles, although the AFM was not used to confirm the particle elongation.
Unfortunately, the performance of the hybrid single photon source could not be enhanced
due to a reduced quantum efficiency by increased coupling to dark plasmon modes.

In all conceivable applications, self-termination allows for a reproducible tuning process,
comparable to the fabrication of toroidal microresonators by laser-induced melting of glass
discs [290]. Further development of the tuning method may enable the production of
larger arrays of elongated metal particles with similar plasmon resonances [336]. A related
approach is demonstrated for gold nanoparticles embedded in glass matrices, where the
accessible range of laser-induced geometrical changes is extended by changing the laser
wavelength during the tuning [337].
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In this thesis different methods for the investigation and the manipulation of individual
nano- and microparticles were investigated. The most interesting experiments were pre-
sented in the previous chapters. The results will enable many fascinating applications in
the future. Evidently, new questions have also been raised, that should be considered in
continuing experiments. Before providing an outlook, the main experimental results are
reviewed in the following.

7.1. Summary

Two different microscopy setups were built for the particle manipulation, which can be
distinguished mainly by their methods of particle handling: levitation in a Paul trap or
support by a glass coverslip.

In chapter 5 the results from experiments with levitated nano- and microparticles were
presented. Single particles confined in linear Paul traps were studied without interaction
with supporting surfaces. Characterization of the particles was done by optical scattering
and photoluminescence spectroscopy. Different manipulation techniques were developed
to process the particles afterwards for further analysis or fabrication of more complex pho-
tonic structures. Almost any kind of particle can be confined in the oscillating quadrupole
electric field of such a trap. Here, several optically active as well as optical resonator par-
ticles were used in different experiments, demonstrating the capabilities of the trap setup
and the developed manipulation techniques:

e For the first time, fluorescence from nitrogen vacancy defect centers in submicron
diamond clusters levitated in an electric particle trap was observed [212]. After
characterization, the diamond particles were deposited on cleaved facets of optical
fibers to measure the overall cluster size with an atomic force microscope. The size
of the levitated clusters could be decreased so far to a minimum of 500 nm, still
allowing detection of the NV fluorescence. The results indicate a new opportunity
to isolate single diamond nanocrystals for optomechanical experiments in the future.

e Single silver nanowires with lengths from 9pm to 25 pm were levitated in the trap,
which showed propagation of surface plasmon polaritons [225]. The observation of
Fabry-Pérot-like resonances in the scattering spectra indicated the nanowires behave
as a cavity for surface plasmon modes, in agreement with experiments with silver
nanowires on substrates. The resonator losses as well as the group velocity of the
propagating surface plasmons were estimated from measured scattering spectra. The
exact geometry of the nanowires was determined with the atomic force microscope
after deposition on a cleaved fiber facet. The experiments verify that levitated
plasmonic particles can also be investigated in the trap setup. The influence of
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supporting substrates on plasmonic particles could be analyzed by measurements on
the same particle, both in the trap and after deposition.

e A new method for depositing single pre-characterized particles from the trap onto
fragile photonic structures was developed [226]. This technique was demonstrated
by functionalization of tapered optical fibers with dye-doped fluorescent polystyrene
spheres and spherical silica microresonators. The particles were detected through the
fiber by their fluorescence signal or by changes in the transmission. The deposition
method was also successfully used in the other trap experiments to deposit different
particles and particle assemblies on cleaved fiber facets for further analysis.

e For the assembly of single particles, a new alignment-free method was developed, that
relies on electrostatic attraction between two neighboring particles in the trap with
opposite electric charges [216]. Individual particles were characterized and stored in
the trap before attaching them to each other. Through theoretical estimations it was
shown that the resulting compound particles are always stable in the trap whenever
the constituent particles are stable individually. The applicability of the method was
demonstrated by electromagnetic coupling of optically active quantum dot clusters
and dye-doped polystyrene beads to spherical silica microresonators with different
sizes. Subsequent to the assembly, compound particles were deposited onto cleaved
fiber facets, showing a self-organized orientation in the electric field of the charged
fiber surface.

All presented experiments demonstrate the high applicability of the setup and the de-
veloped techniques for future applications in the fields of single particle spectroscopy and
manipulation as well as functionalization and controlled assembly of photonic structures.

In chapter 6 the results from manipulation experiments on single gold nanoparticles
supported by a glass coverslip were presented. A new method to tune the plasmon res-
onance of individual metal nanoparticles in-situ in a controlled way was developed [306].
By melting and shaping with a focused laser, the symmetry of a gold nanoparticles with
a diameter of 80nm was changed from spherical to an elongated, spheroidal-like geom-
etry. Experimental evidence is given for this modification and the correlation between
the changed geometry and the observed spectral shifts of the plasmon resonance. An
atomic force microscope was used to measure the particle shape prior to and after tuning,
as well as to transfer single particles to an electrically conducting substrate, needed for
imaging the particles with a scanning electron microscope. Additionally, it was shown
that the measured spectra are in good agreement with theoretical scattering cross sections
computed for different particle geometries. The geometry change and thus the plasmon
resonance shift were applied stepwise, and even reversed, to demonstrate the full capability
of this technique. Finally, simple models were given for the temperature distribution and
the optical forces during the laser-induced particle modification.

Controlled adjustment of the plasmon resonance of individual particles could be bene-
ficial for several applications. The in-situ method could especially facilitate the assembly
of complex nano-systems, to adjust plasmonic nanoantennas, such as Yagi-Uda anten-
nas [30], to each other or to nearby emitters. An automated version of the method could
also be conceived, which would allow fast and remote tuning. The plasmon resonances of
many single nanoparticles could be tuned individually by observing the photoluminescence
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emission pattern or spectrum online during the modifications, while moving particle after
particle into the microscope focus with a motorized translation stage.

7.2. Outlook

The results presented in this thesis enable a variety of new opportunities to investigate
and manipulate individual nano- and microparticles. Here, some conceivable future devel-
opments are considered, from improvements of the current setups and theoretical clarifi-
cations to possible research approaches and applications.

7.2.1. Levitated Nano- and Microparticles

Before thinking about subsequent experiments with trapped particles, a further improve-
ment of the experimental setup should be considered. First of all, the optical access to the
trap center has to be increased, to be able to efficiently detect and characterize a levitated
nanoparticle with little fluorescent output like a single diamond nanocrystal containing a
single NV defect center. Various detection strategies have already been tested with mixed
results. Different collection optics, like small aspherical lenses or high numerical aperture
fibers, were approached to the trap center for a better detection signal. Unfortunately,
such dielectric elements disturbed the particles in the trap due to the always-present sur-
face charges on the glass surfaces. Metallizing and grounding removed the charges, but
the changed electric trapping potential due to the electrode nature of the additional con-
ducting objects did not improve the situation. Moreover, the risk of electrical sparkover
was increased. Particle stability was also impaired when the detection was carried out
along the trap axis. At each end of the trap the electrodes block much less light but the
particle trajectory is disturbed by the electric fringe field. More promising seems to be
the use of a curved mirror behind the trap, in order to reflect back light emitted from the
particle towards the microscope objective. This has been tested successfully with bright
dye-doped polystyrene beads, but is insufficient for a particle emitting single photons.
Instead of trying to compensate this disadvantage of the current devices, it is advisable
to design a new trap, that enables a larger opening angle corresponding to a larger effective
numerical aperture. A first attempt can be seen in figure 7.1(a). The shown trap consists
of four tungsten needles, creating the quadrupole potential in the needle plane, and two

Figure 7.1.: Quadrupole needle trap. (a) A single lycopodium spore trapped in the needle trap
with a tip-to-tip distance of 5mm. (b) An additional segmented linear trap facilitates loading.
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brass plates in front of and behind the needles, creating the static potential in the axial
direction. The trap is similar to the linear end-cap trap presented in section 4.1.1, but
the axial trap extension is compressed to a single point. The holes in the brass plates are
large enough to use the full numerical aperture of 0.7 of a microscope objective with a
working distance of 6 mm (Mitutoyo, Plan Apo 100x) to collect light from a particle in the
trap center. Initial tests with lycopodium spores with an assumed diameter of 30 pm [338]
and 5 pm silica microspheres show promising results. Unfortunately, the chance for stable
injection from the electrospray is very low, due to a shallow trap potential. Nevertheless,
confinement of single particles is possible by using a segmented linear trap in line with
the needle trap, as shown in figure 7.1(b). Particles are injected into the linear trap
as usual and transferred to the needle trap at the end. A similar technique has been
demonstrated for pushing 0.44 pm sized polystyrene spheres from a linear to a planar
trap [94]. In addition to the complex loading scheme, the needle trap lacks the possibility
to characterize and store more than one particle at a time. But, it indicates that other
(improved) trap types can be designed and used to levitate and study single nanoparticles
containing single photon emitters. In a next step, other trap geometries should be tested,
for instance two-level circuit board traps [163] or planar traps [94]. These traps can be
designed to offer a large optical access, but can be segmented, and thus allow for multiple
particle storage and handling, even with particle transfer through junctions [339,340].

Trapping of nanoparticles with diameters down to a few nanometers is envisioned in
the future. According to the stability condition in equation (3.18), stable confinement of
smaller particles is challenging, as the decreased mass has to be met by changing other
values, like the trap voltage, frequency or the particle charge. A large decrease of the
trap voltage is unfavorable, as it means a drastic reduction of the pseudopotential (see
equation (3.31)). Rather, increasing the trap frequency instead is recommended, but
requires a change of the high-voltage amplifier. The third option is a reduction of the
particle charge. This could be done by post-electrospray processes, like charge reduction
by passing through an electron cloud from a filament. Alternatively, a different ionization
method may be used. For instance, particles could be charged by friction and injected
into the trap with a nebulizer [233] or a loudspeaker [74]. If a new ionization method is
considered, it should (optimally) be applicable in vacuum, in order to avoid the transfer
of particles from atmospheric pressure to vacuum, which is a complicated procedure that
can often lead to particle loss. However, control over the amount of particle charge would
also broaden the range of particles that can be stabilized in the trap at the same time.
More sophisticated particle systems could be assembled, as long as the constituents fulfill
the stability condition individually.

With the presented setup, any kind of nano- or microparticles can be investigated and
manipulated, as long as they can be charged and injected. The trap allows for extensive
isolation of individual particles from the environment, which may be useful in various
research approaches. The absence of other materials enables the investigation of particles
or systems levitated in the trap without symmetry breaking effects. The intrinsic mode
structure of optical resonators and other trapped particles can be analyzed, as shown for
silica microspheres and silver nanowires. Detailed studies of the influence of supporting
substrates could be performed on a single particle before and after deposition from the
trap. Additionally, particle handling is improved for levitated particles due to the ab-
sence of adhesion as well, which is a crucial issue for mechanical manipulation techniques
on substrates. In particular, soft or organic nanoparticles could be prepared and ma-
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nipulated with unmatched ease in the trap. For instance, molecules embedded in soft
host matrices show interesting optical properties and may be used as photostable molec-
ular single photon sources at room temperature [341]. First attempts from anthracene
dissolved in diethyl ether and electrosprayed into the trap show promising results. Crys-
tallization of anthracene particles from levitated liquid droplets was already observed as
well as fluorescence emission from embedded dibenzoterrylene molecules. Unfortunately,
crystal stability in the trap could not be ensured for more than a few seconds so far,
but may be enabled in the future. Pursuing the stabilization of a single crystal with a
single embedded fluorescing molecule seems to be favorable. The fragile particles could
be coupled to plasmonic nanoantennas or waveguides with the developed assembly and
deposition methods, which is difficult to achieve with the common scanning probe manip-
ulation techniques. Additional control of pressure and humidity in the trap would enable
stabilization of liquid droplets [342] and large biomolecules [343], expanding the potential
capabilities of the trap setup to study chemical and biological processes with the tiniest
amounts of substances [344, 345].

The most obvious future objective is trapping and detection of a single nanodiamond
with a diameter of less than 50 nm containing one fluorescing defect center. Manipulation
of the phonon spectrum of the nanocrystal is aspired in a thermally isolated particle that
is stabilized in the trap in vacuum. The nanocrystal would show a high mechanical quality
factor, which is ideal for studying optomechanical interactions. Optical refrigeration by
an anti-Stokes process [228] can be envisioned for the nanodiamond isolated in the trap.
For this, laser light red-shifted from the zero-phonon transition should be absorbed to-
gether with additional phonons nearby the NV defect center in the otherwise transparent
diamond, as shown in figure 7.2. The diamond crystal should be cooled by radiative decay
of the excited state photons with on-average higher energy than the incident laser. This
scheme could be used to decrease the population of the phonon states and thus reduce
the spectral broadening of the fluorescence emission. As a result, the radiative decay rate
for emission at the zero phonon line would be enhanced, without the (typical) need for
a cryostat setup. Laser cooling of solid materials has already been shown for rare-earth
doped glasses and semiconductors [229], but special sample designs in combination with
elaborate clamping are crucial to avoid fluorescence trapping and thermally decouple the

Figure 7.2.: Optical refrigeration cycle indicated in the energy level scheme of a single fluorescing
defect center in an otherwise transparent diamond. Typically, emitted photons have a higher energy
than absorbed photons in this anti-Stokes process (see text), which reduce the temperature of the
diamond crystal.
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sample from the environment, respectively. The two effects, which reduce the cooling
efficiency, can be neglected for a nanocrystal levitated in a particle trap. In contrast to
optical dipole traps [233,234], fluorescence quenching and particle heating do not occur in
an electric trap due to the absence of a strong trapping laser.

Last but not least, the deposition of particles or assembled systems from the trap may be
improved by some sort of guided landing to increase the spatial accuracy. Using only the
laser for the alignment is insufficient for exact placement on a structure, since the target
disturbs the trajectory of the approaching particle by residual surface charges. This could
be overcome by better control of the particle throughout the landing process, possibly
through a modification of the static electric field or by additional electrodes attracting or
repelling the particle towards the target point.

7.2.2. Laser-Induced Tuning of Particle Plasmon Resonances

For a complete understanding of the developed method for laser-induced tuning of individ-
ual plasmonic nanoparticles, clarification of the interplay of the involved forces is needed.
The observed geometrical changes of a single gold nanoparticle in the focused laser beam
are caused by optical forces. A detailed finite-element study could be used to understand
the exact interplay of the radiation pressure and optical gradient force competing against
gravitation and surface tension. In addition, the influence of surface effects between the
particle and the supporting substrate is so far completely unknown.

Improvements of the developed tuning method may be achieved by several options.
First, the experimental effort could be reduced by using the same laser for photolumines-
cence excitation and tuning. In the presented setup, the output power of the 457.9nm
laser line is barely strong enough for melting, and usage of the 514.5nm laser line for
both excitation and tuning is unfavorable as the associated long-pass filter in the detec-
tion path would cut off too much of the particle’s photoluminescence signal. Second, the
tuning range could be extended by using a variable laser wavelength, like from a tunable
laser or a white light laser with a tunable optical band-pass filter, which allows following
the spectral peak shift of the particle’s absorption cross section, in order to keep the par-
ticle liquid without increasing the laser power. A more advanced approach may involve
a precise control of the particle temperature, independent of the applied optical forces.
This control could be attained by an additional heating or cooling channel. For instance,
melting is not achieved for particles on the ITO-covered substrate due to an increase in
heat flow away from the particle. By adjustment of the thermal conductivity of the par-
ticle environment, very high optical forces but comparatively low particle heating may
enable a better control of the tuning progress and result. Third, oriented elongation of
metal nanoparticles for orientation-dependent plasmon resonance tuning may be achieved
by an oblique laser beam. Fourth, metal particles different from gold could be tuned with
different laser wavelengths and intensities. All suggested extensions of the current work
may be tested with reasonable upgrades of the presented setup and have the potential to
greatly expand the usefulness and applicability of the tuning method.

The tuning method could be applied to match the plasmon resonance of a single metal
nanoparticle to a nearby emitter, in order to enhance the performance of a single photon
source. Such a hybrid system could be assembled from individual pre-characterized par-
ticles, like a gold nanosphere and a diamond nanocrystal containing a single NV defect
center similar to the experiment shown in figure 6.15. Based on the knowledge gained
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from chapter 6, now laser-induced tuning could be applied in a controlled way to one or
more gold particles to set their plasmon resonances to the emission wavelength of the NV
defect center. In addition, the distance between the emitters could be adjusted with the
AFM to avoid coupling to dark plasmon modes reducing the quantum efficiency.

145






A. Material Models

Instead of using interpolated measurement data, analytical functions are often needed to
describe the index of refraction of a certain material. Here, the material models used in
this thesis are given.

The material models give the complex index of refraction n, which can also be expressed
in terms of the relative permittivity €, and the relative permeability pu,

n=n"+in", (A1)
n = /e fby- (A.2)

For a non-magnetic material u, equals 1 and the complex relative permittivity e, follows

g =n?, (A.3)
= e, + e, (A.4)
with
E; — n/2 _ n//2’ (
el =2n'n". (A.6)

The components of the complex refractive index can be calculated with

12 12 /
n = \/VET +25r ter (A.7)

o = \/ ver +2€72 —er (A8)

(A.9)
A.1. Silica
The index of refraction of fused silica is calculated with [346]
o — \/1 0.6961663\2 n 0.4079426\2 n 0.8974794)\2 (A.10)
N A2 —0.06840432 A2 —0.1162414%2 A2 — 9.8961612" )

The imaginary part n” is set to zero.
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A.2. Gold

An analytical fit of the measured values [113] is used for a Drude-Lorentz model. It consists
of one Drude term in combination with one or more Lorentz terms to approximate the
relative permittivity of gold

A&jQ?
Q? — w(w + ZFJ) '

6(w)=5m—i+z

w(w +ivp) - (A.11)

For the dielectric function shown in figure 2.5 a Drude term and one single Lorentz term
are used. Table A.1 gives the parameters used, which are taken from [347].

Eco wpls™] Yp[s ]
Drude | 5.9673 | 1.3280 x 10'® | 1.0003 x 106

Ae Qs [[s~!]
Lorentz | 1.09 | 4.0845 x 10 | 6.5885 x 10

Table A.1l.: Parameters for the Drude-Lorentz model with a single Lorentz term to approximate
the relative permittivity of gold [347].

In figure 6.10 [306] three Lorentz terms in addition to one Drude term are used. The
parameters are given in table A.2

Eoo | wp[sT! vpls™]
Drude | 6.40 | 1.37 x 1016 | 1.16 x 10*

Agj | Qs Ljls™]

Lorentz 1 | 1.51 | 4.42 x 10™ | 1.54 x 10"
Lorentz 2 | 1.02 | 5.56 x 10 | 1.83 x 10%
Lorentz 3 | 0.80 | 6.72 x 10 | 1.79 x 10%°

Table A.2.: Parameters for the Drude-Lorentz model for gold used in the simulations of figure 6.10
[306].
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B. Simple Model of a Spherical Resonator
Coupled to a Tapered Optical Fiber

The intensity transmission through the coupled-cavity model shown in figure 5.26(a) and
in figure B.1 is derived in this appendix. The coupling region between fiber and sphere is
simplified to one point. It has four different ports where the electric field is estimated. F4
and Fs are the incident and the transmitted electric field in the waveguide, respectively,
while their circulating equivalents in the cavity are F3 and E4. The transmission of the
electric field across the coupling region is described by the parameter ¢, while the coupling
between the waveguide and the cavity is given by r = v/1 — ¢2. The transmission constant
« denotes the resonator loss.

tapered fiber

— —

input E1 coupling region E2 output

Figure B.1.: Model of the fiber-microsphere system to estimate the intensity transmission through
the tapered fiber. The model geometry consists of a circular cavity coupled to a fiber waveguide.
Also shown in figure 5.26(a).

B.1. Electric Field Intensities

In the frequency domain, the electric fields at the four ports of the coupling region are
related by

By = tEy + irEs, (B.1)
Ey=wrE +tEs. (BQ)

After one round-trip in the cavity, the field F, is attenuated by the amplitude transmission
a = e*l to E3 with a phase difference between E3 and E4 of ¢ = kL, written as

E3 = ele*l By = ae® By, (B.3)

with the wave number k = 27” and the cavity length L, given by L = 27 R for a circular

resonator. Then, the electric field in the waveguide behind the coupling region, normalized
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to the incident field, is given by

E t — ae'®

—_— = B.4

E;  1—tae?’ (B-4)
and the intensity transmitted through the waveguide coupled to the cavity can be calcu-
lated with

B, | a® + % — 2at cos
Ir=|2| = —5s @) (B.5)
Eq 1 + a?t? — 2at cos (¢)
The intensity inside the cavity is obtained in analogy from
Es 2 a’r?
Ic=|=| = . B.6
¢ \E 1 4+ a?t? — 2at cos (¢) (B:6)

B.2. Model for the Spectrum of the Halogen Lamp

The white-light emission spectrum of the halogen lamp I; is modeled by a Gaussian
function,

A A=w?
Ir (au.) = e 2% B.7
@) = (B7)
with the parameters
A=5x1073, (B.8)
@ =670nm, (B.9)
o = 85 nm. (B.10)
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C. Steady-State Temperature Distribution
for a Single Nanoparticle in a Focused
Laser Beam

The model used to calculate the laser-induced heating of individual gold nanoparticles
is explained in this appendix. The particle temperature is obtained by calculating the
heat transfer to and from the particle [348]. The heat gain is determined by absorption
of laser light by the particle. It is assumed that only thermal conduction reduces the
heat in the particle, while free convection can be neglected here due to a very low Nusselt
number [349]. As will be shown, thermal radiation is also of little impact for the final
particle temperature.
The thermal diffusion equation is used to describe the temperature distribution 7'(r)

or

Pgy = V- (k(r)VT(t,r)) + q(r), (C.1)

with ¢, p, and k being the specific heat capacity, the density and the thermal conductivity,
respectively. The heat source is given by the power density ¢. In the steady-state regime
the temperature is constant over time and the left-hand side of equation (C.1) vanishes.
The thermal conductivity is assumed to be constant inside the particle with radius R
(index p) and also for the surrounding medium (index f). As a result, two equations are
obtained for the different regions, written as

19, 40T
0= /ﬁ}pﬁa(r E) =+ q, (T' < R) (02)
10 ,or

In this step spherical coordinates are also introduced. The angle dependencies are ne-
glected by assuming an isotropic environment with an effective thermal conductivity .
The resulting one-dimensional heat conduction problem allows for an analytical treatabil-
ity. The temperature distribution also has to fulfill the following constraints:

T — Ty for r — oo, (C.4)

T finite at r = 0, (C.5)

T(r=R—-0)=T(r=R+0) =T, (C.6)
oT(r=R—-0)  0T(r=R+0)

Kp a5 =Ky 5 . (C.7)

Ty is the temperature of the surrounding medium far away from the particle, and Ty is
the surface temperature of the particle.
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The general solutions of equations (C.2) and (C.3) are

()= L2 -y, (r<R) (C.8)
T(r) = —% + Cy, (r > R) (C.9)

and the constants C; to C4 can be derived from equations (C.4) to (C.7) to get

Ci =0, (C.10)
R%q (1 1
e T T 11
Cs 3 (Hf+2,£p)+ 05 (C.11)
R3q
_ 12
Cs Sy (C.12)
Cy=Tp. (C.13)

Finally, the equations for the temperature distribution are

q o R%q/[1 1
Tr)y=Ty— — — | —+— 14
(r) 0 6/@,74 + 3 (Hf + 2y ) (r<R) (C.14)
R3q1
T(ry=Ty+ —-. 1
(r) 0+ 30p 7 (r > R) (C.15)

The power @ of the external heat source is determined by the laser intensity Iy and the
absorption cross section of the particle Cyps [350] calculated by equation (2.42)

Qabs = Capslo- (C16)
From this, the power density is easily derived with the particle volume V by

Qabs OabsIO
. _ . C.17
dabs = "y = I ps (C17)

Combining equation (C.15) and equation (C.17) results in the final expression for the
particle’s surface temperature

Coaps
T, = T(R) = Ty + —25°0

. 1
0 drrkrR (C.18)

The parameters used for this model are given in table C.1. The laser intensity Iy is
obtained from the laser power P by

P
Ip=——! (C.19)

2
7T"dspot

with a diffraction-limited laser spot radius 74,0, calculated with the numerical aperture
of the microscope objective NA and the laser wavelength A by [351]

A
Tspot = 061m (020)
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Parameter ‘ Value

R 40 nm

P 0.315mW

NA 1.4

Ty 300K

Kop 318 Wm— 1K~ [348]
Kf 0.23Wm~1K~! [324]

Table C.1.: Parameters used for the particle heating model.

It is obvious that equation (C.17) is justified only for particles with radius R < rgpo. For
larger particles, the heating power has to scale with the cross-sectional particle area that
is covered by the laser spot.

To account for the presence of air and the glass substrate in the particle environment,
an effective thermal conductivity of the surrounding medium xy is assumed from finite-
element calculations of similar configurations [324].

To verify that thermal radiation can be neglected here, the Stefan-Boltzmann law [136]

Qrad = —GUSBA(TS4 - Tél), (C.21)

is used, with the Stefan-Boltzmann constant osp = 5.67 x 10~° the radiating sur-

W
m2 K4 9
face A = 47R?, and the emissivity ¢ € [0,1], which accounts for the deviation from a
perfect black body.

In the experiment, the minimum laser intensity needed to modify a spherical gold
nanoparticle with a radius of R = 40nm is 8 x 10° Wem™2. At a wavelength of 514.5nm
its absorption cross section is calculated to be Cups = 1.626 x 10714 m?, giving an ab-
sorbed heating power Qs on the order of 107 W (see equation (C.16)). In comparison,
the power QQ,.q radiated from a perfect black body at the melting temperature of gold
(1337K [325]) into a room with a temperature of Tp = 300K is only on the order of
10~ W. Even with a black body temperature at the boiling point of gold (3243 K [352]),
the radiated power is on the order of 10~ W, which is still three orders of magnitude
smaller than the heating power. Thus, thermal radiation is insignificant in this model for
the expected particle temperatures.
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Abbreviations

AFM
CCD
CQED
CROW
DF
EMCCD
ESI
FDTD
FWHM
GND
HV
ITO
LSP
MOSFET
NA

ND
NSOM
NV
NW
PL
PSF
QD
SEM
SHV
Sp
SPP
TE
TEM
THD
™
VP
WCM
7ZPL

atomic force microscope
charge-coupled device

cavity quantum electrodynamic
coupled resonant optical waveguide
dark-field

electron multiplying CCD
electrospray ionization

finite difference time domain
full width at half-maximum
(electrical) ground

high voltage

indium tin oxide

localized surface plasmon
metal-oxide-semiconductor field-effect transistor
numerical aperture

neutral density

near-field scanning optical microscope
nitrogen vacancy

nanowire

photoluminescence

point spread function

quantum dot

scanning electron microscope
safe high voltage

surface plasmon

surface plasmon polariton
transverse electric

transverse electromagnetic
total harmonic distortion
transverse magnetic

volume plasmon
whispering-gallery mode

zero phonon line
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