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Abstract

The interaction of photons with individual quantum systems is a very fundamental process
in physics. Thereby, the emission rate as well as the angular emission pattern of a quantum
emitter are not only a function of intrinsic properties of the emitter itself, but are also strongly
modified by its surrounding. For instance, by restricting the optical modes which are allowed at
the position of the dipole, the emission rate can be strongly modified and the emitted photons
can be directed into specific optical modes. This effect can be demonstrated by the interaction
of a single optically active quantum emitter with the strongly confined optical mode of a single-
mode dielectric waveguide. Efficient coupling of the emitter to the dielectric structure can be
achieved by placing the quantum emitter inside the evanescent field of the guided mode. This
evanescent field coupling mechanism is discussed and demonstrated experimentally.

A single nitrogen-vacancy center (NV-center), hosted in a nanodiamond is deterministically
coupled to a tapered optical fiber (TOF) via the evanescent field of its guided mode (coupling ef-
ficiencies exceeding 30% are predicted). By employing an AFM-based nanomanipulation tech-
nique, the diamond nanocrystal is placed on the nanofiber waist of the TOF. Beforehand, the
diamond nanocrystal has been characterized to guarantee that it hosts only one fluorescing NV-
center. While the diamond nanocrystal is optically exited, single photon fluorescence of the
NV-center is detected at both outputs of the tapered optical fiber. This verifies the evanescent
coupling of the emitter to the guided mode. In order to quantify the coupling, the comparison
of the emission rate into free space with the rate into the fiber yields that (10 £ 0.5)% of the
emitted photons are coupled into the tapered optical fiber. In the determination of this value,
the orientation of the emitting dipoles and the emission pattern, which are modified by the
TOF, have been considered. The NV-center features a broad emission spectrum which can be
used to investigate the wavelength-dependence of the coupling. Comparing the spectra of the
emission into the fiber mode with the emission into free space modes roughly resembles the
expected wavelength dependency of the coupling efficiency.

The evanescent coupling and the deterministic positioning of preselected fluorescing dia-
mond nanocrystals, which has been demonstrated with the TOF, can be applied to other waveg-
uide structures as well. Dielectric single-mode waveguides made of Ta;Os on a SiO, substrate
promise similar coupling efficiencies to tapered optical fibers (above 30%). With the design of
the on-chip wave-guiding structure being flexible, the combination with other optical on-chip
elements is feasible, rendering it a promising platform for on-chip photonic experiments. Test
structures of this waveguide design are realized using lithographic processes and are character-
ized. These waveguides are equipped with inverted taper structures to allow efficient off-chip
coupling with butt-coupling to standard single-mode fibers.

The evanescent coupling of a single quantum emitter to a singe optical mode can be used
to efficiently collect emission of the quantum emitter. This can help building a compact single
photon source and is beneficial for the optical read-out of the quantum emitter’s internal degree
of freedom, which can be either used as probe (sensing) or as information-storage. Utilizing
the high coupling efficiency, for instance, the non-linearities of the quantum system can be
exploited to build a single photon transistor [[Il, 2]. The evanescent coupling is very broadband
(about hundred nanometers), allowing to efficiently collect emission from broadband emitters
like the N'V-center, but it can also be used for multi-wavelength manipulation schemes.



Zusammenfassung

Die Wechselwirkung von Photonen mit einzelnen materiellen Quantensystemen ist ein sehr
fundamentaler Prozess in der Physik. Besonders dabei ist, dass das Abstrahlverhalten, also
die Emissionsrate und die Abstrahlcharakteristik, nicht rein auf intrinsischen Eigenschaften
des Quantenemitters beruhen, sondern stark durch dessen Umgebung modifiziert werden.
Beispielsweise kann die Reduzierung der erlaubten optischen Moden um den Emitter die Emis-
sionsrate stark dndern, aber auch die emittierten Photonen in bestimme optische Moden leiten.
Dieser Effekt ldsst sich gut mit einem optisch aktiven Quantensystem demonstrieren, das an
eine stark konzentrierte optische Mode eines Monomodelichtwellenleiters gekoppelt ist. Diese
Kopplung kann beispielsweise erzeugt werden indem man den Quantenemitter in dem evaneszen-
ten Feld des Wellenleiters platziert. Diese evaneszente Kopplung eines Quantenemitters an
einen Monomodelichtwellenleiter wird in dieser Arbeit behandelt und experimentell demon-
striert.

Zur experimentellen Realisierung eines derartig gekoppelten Systems wird ein einzelnes
Stickstofffehlstellenzentrum (NV-Zentrum) in einem Nanodiamanten deterministisch an eine
gediinnte optische Glasfaser (tapered optical fiber) gekoppelt (Kopplungseffizienz von mehr
als 30% vorhergesagt). Diese Kopplung an das evaneszente Feld der Faser wird erreicht, indem
der Nanodiamant mit einem Rasterkraftmikroskop (AFM) auf die Taille der gediinnten Glas-
faser platziert wird. Der Nanodiamant wurde zuvor charakterisiert um sicherzustellen dass
er nur ein einzelnes, optisch aktives Fehlstellenzentrum enthélt. Unter kontinuierlicher optis-
cher Anregung dieses gekoppelten Systems konnte das Einzelphotonenfluoreszenzsignal des
NV-Zentrums an beiden Faserausgingen identifiziert werden. Dies verifiziert die erfolgreiche
Kopplung. Aus dem Vergleich der detektierten Emissionsrate in die Faser und in den freien
Raum wurde die Kopplungseffiziens in die gefithrte Mode zu (10 £0.5)% bestimmt. Die Orien-
tierung des Zentrums beziiglich der Faser und die dadurch modifizierte Abstrahlcharakteristik
in den freien Raum sind dabei beriicksichtigt. Dank des stark vibronisch verbreiterten Emis-
sionsspektrums des NV-Zentrums konnte die Kopplungseffiziens auch wellenlangenabhéngig
betrachtet werden. Der Vergleich der Emissionsspektren in den freien Raum und in die Faser
spiegelt grob das erwartete Verhalten wieder.

Diese evaneszente Kopplung, wie sie mit einem NV-Zentrum und einer gediinnten Faser
demonstriert ist, kann ebenfalls auf andere Wellenleiterstrukturen angewandt werden. So
versprechen dielektrische Monomodelichtwellenleiter aus Ta,O5 auf einem SiO,-Substrat ver-
gleichbare Kopplungseffizienzen (35%) wie die gediinnten Fasern. Dabei birgt die Flexibilitat
der Chip-basierter Strukturen enorme Vorteile da sich die Wellenleiter fast beliebig mit an-
deren photonischen Strukturen kombinieren lassen. Diese Tatsache macht die Wellenleiter
auf einem Chip zu einer vielseitigen Plattform fir zukiinftige integrierte Experimente. Erste
lithographisch fabrizierte Teststrukturen dieser Wellenleiter wurden hergestellt und charak-
terisiert. Die Wellenleiter sind zusitzlich mit Verjingungen an den Enden ausgestattet um
effiziente Kopplung an gewohnliche optische Fasern zu gewéhrleisten.

Die evaneszente Kopplung eines einzelnen Quantenemitters an eine einzelne optische Mode
erlaubt die effiziente Aufsammlung von dessen Fluoreszenz. Damit lassen sich einerseits ef-
fiziente Einzelphotonenquellen realisieren, es ist andererseits auch von groflem Vorteil bei der
optischen Auslese eines internen Freiheitsgrades des Quantensystems. Ein derartiger interner



Freiheitsgrad kann entweder als Sensor oder als Informationsspeicher dienen. Die hohe Kop-
plungseffiziens verspricht aulerdem die Nichtlinearitit des Quantensystems nutzen zu kénnen
um beispielsweise einen Einzelphotonentransistor zu realisieren [[l, 2]. Eine entscheidender
Vorteil dieser evaneszenten Kopplung gegeniiber resonatorbasierter Methoden ist die enorme
Breitbandigkeit (> 100 nm), die es erlaubt effizient Emission von breitbandigen Emittern wie
dem NV-Zentrum, aufzusammeln aber auch aufwiandige Manipulationsschemata erlaubt, die
verschiedene Wellenldngen benutzen.
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1. Introduction

The interaction of light and matter is a fundamental process in nature and has, therefore, been
under investigation for decades. In the 1940s, Edward Mills Purcell discovered that the photon
emission rate of an atom is not a purely intrinsic property, but can be strongly influenced by its
environment [3]. With an atom coupled to a resonator, he demonstrated enhanced microwave
photon emission probability compared to the uncoupled case. With this discovery, he founded
avast research field exploring and exploiting light-matter interaction in the context of quantum
mechanics and quantum electro dynamics.

The spontaneous emission of a quantum emitter can be explained by a stimulated emis-
sion process, where the stimulation stems from the bath of photonic quantum fluctuations [4].
These photonic quantum fluctuations are virtual photons, temporarily generated and annihi-
lated by fluctuations in the local energy, as allowed by the Werner Heisenberg’s uncertainty
principle. In an environment, structured by dielectrics, Maxwell’s equations define certain al-
lowed optical modes, which are allowed to be occupied by any photons and photonic vacuum
fluctuations. The engineering of the vacuum fluctuation allows to enhance the emission into
specific optical modes. The optical resonator or cavity is a prominent example for such an en-
gineered environment, which is used to control and often to enhance the vacuum fluctuations.
Moreover, a single optical mode, confined to a small lateral extension, can also boost the vac-
uum fluctuations in a way that an emitter exposed to these condensed fluctuations will emit
a significant amount of photons directly into this confined mode. This coupling to a strongly
confined optical mode, which can be realized with a simple dielectric waveguide, can be suffi-
cient to achieve a significant amount of the fluorescence photons being directly coupled into
the waveguide mode. This thesis is concerned with this effect and utilizes it to channel flu-
orescence photons from a single quantum emitter into a single-mode dielectric waveguide.
This interaction of a single optical mode and a quantum emitter is utilized to collect a great
amount of fluorescence of a single quantum emitter with a designed optical mode. As efficient
collection of the emission implies mutual coupling of emitter and optical mode, a wide range
of applications is conceivable. To study the coupling, a continuous waveguide is considered,
featuring an intense evanescent field of the guided mode. The quantum emitter is positioned
within this evanescent field, which mediates the coupling of the emitter and the guided mode.
In the experiment, demonstrating this evanescent coupling, the quantum emitter is realized by
a single nitrogen-vacancy defect center, which is hosted in a diamond nanocrystal.

With the ability to collect a great amount of photons of a single emitter, such a system finds
implicit application in the realization of a very compact single photon source. Efficient single-
photon sources are needed e. g. in the realization of a linear optical quantum computer (LOQC)
(5. 6, 7]. Within this field of quantum information technology, the mutual coupling of an
optical mode and a quantum emitter is of strong interest, as the strong non-linear behavior of
a single quantum system is of great importance. For instance, a measurable phase-shift can
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be imprinted onto a photon when passing a single coupled quantum system [8, g, 10]. Such a
coupled system can also be used as an optical single photon transistor [11, 12].

Many real quantum systems feature internal degrees of freedom which can be modified, but
also read-out optically. The nitrogen-vacancy center is a well-known and heavily investigated
example of such a system, since it shows long electron spin-coherence times, making it suitable
for information storage [[l, 2]. Such storage systems depend on an efficient coupling of the
quantum emitter to the optical mode to ensure efficient state preparation and read-out. As
known from the electronic information technology development throughout the past decades,
compact design of the functional unit is the key to reach the necessary scalability. Hence,
integrated optics is likely to dominate the field of quantum information technology.

For applications such as single photon source or as information storage, a quantum system is
required, which shows very low interaction with its environment. However, quantum systems
sensitive to their environment can be beneficial as well, as they can be used as probes and
sensors. For sensing applications, point-like single emitters are very interesting, as they can
probe their environment with a high spatial resolution. Examples, realized with nitrogen-
vacancy centers, are sensing of temperature [13], electric fields [[14], magnetic fields [[15] and
the local density of photonic states [[16, 17]. For these applications, the necessary measurement
time and the signal to noise ratio increases with the number of detected fluorescence photons
of the emitter. Therefore, in a combined system of a nitrogen-vacancy center and a wave-
guiding structure, the coupling efficiency of the emitter to a single optical mode is important.
Here, the evanescent coupling can provide a compact and efficient design. The collecting of
photons in the evanescent field, is of particular interest in the field on integrated optics, since
the quantum system’s emission is coupled directly into the waveguide. This allows a simple and
very compact realization, as no collection optics are necessary. In addition, the combination
with integrated optics can allow to combine the optical readout with analysis units, creating a
lab on a chip (LOC) [118, 19]. Such on-chip systems are also interesting for fundamental research
as they are well suited for experiments in a cryostat and noisy environments.

This work takes steps towards a highly integrated, efficient single photon source, which is
based on the evanescent coupling of a single quantum emitter to a strongly confined waveguide
mode. It opens with a discussion of the basics of the coupling of a single quantum system to an
optical mode and the fundamentals of wave-guiding in dielectric structures (chapter ). Based
on this formalism, the evanescent coupling to cylindrical waveguides is evaluated, promising
coupling efficiencies of several ten percent. After an introduction to the nitrogen-vacancy
center (NV-center) as quantum emitter in chapter B, the cylindrical waveguide is realized by
the nanometer-sized waist of a tapered optical fiber (TOF) [20]. In this first experimental part
(chapter ), a single NV-center is placed onto a tapered optical fiber (TOF) to demonstrate the
potential of evanescent coupling. The coupled system is realized experimentally, investigated
and the coupling parameters are compared to their predicted values.

In the second experimental part (chapter [), the design and fabrication of a platform for
on-chip experiments is presented. This platform is based on dielectric optical single-mode
waveguides (TazO5 on SiO2), which is optimized for broadband (600 . ..800 nm) evanescent
coupling to a single quantum emitter (expected efficiency: up to 36%) and efficient off-chip
coupling to single-mode optical fibers using inverted tapers. In the final chapter (§) these
results are summarized and an outlook to the future goals is provided.
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2. Theory of Waveguide Dipole
Coupling

The basic idea of dielectric waveguides is to engineer the refractive index in two spatial dimen-
sions to continuously control the propagation of an electro-magnetic wave. The guidance of
a light field in a waveguide can be interpreted as a continuous refocusing of the light beam
during propagation. This prevents the light field from diverging but also can be used to cre-
ate a strongly confined optical mode. By placing a quantum emitter, like an atom, within the
confined mode the interaction between the guided light field and the quantum emitter can
be enhanced. With this coupling, a decent fraction of the quantum system’s emission can be
expected to be directly emitted into the guided mode.

In this chapter, the principle behind the coupling of a quantum emitter to a confined light-
field will be discussed, yielding the figures of merit, the emission enhancement factor « and the
coupling efficiency (3. Before actual values can be calculated, the waveguide structure and its
optical modes need to be specified first. Therefore, the basic concepts of waveguides are derived
for the one-dimensionally confined waveguide structure, which are then used to determine the
field distributions of the cylindrical single-mode waveguide. From these field distributions,
the figures of merit of the expected dipole coupling (v, 3) for a coupled system of cylindrical
waveguide and quantum emitter, can be calculated. This system is experimentally investigated
in section §|. Later on, these figures of merit of the coupling will also be used to design an
integrated waveguide system featuring a rectangular cross-section for on-chip experiments in

chapter b.

2.1. Coupling of a Dipole to a Confined Light Field

The coupling of a single quantum emitter to a waveguide can be quantified by comparing the
emission rate I'y, into the waveguide modes to the total emission rate of the emitter in free
space or an isotropic medium I'js,. The quotient of these two rates is referred to as emission
enhancement parameter . Another interesting parameter is the coupling efficiency g given
by the ratio of emission rate into the waveguide mode Iy, to the emission rate into free space
in presence of the waveguide I'gc. (illustrated in figure P.1). For sake of simplicity, the quantum
emitter is modeled as an artificial two-level atom. In this section, the radiative emission rate of
such an artificial atom will be calculated in free space as well as in the vicinity of a waveguide
structure. From these rates, the emission enhancement factor a and the coupling efficiency
will be derived. The resulting expressions will be applied to design and evaluate the waveg-
uide structures such as the cylindrical waveguides within this chapter and the on-chip strip
waveguides (chapter ).
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Figure 2.1.: lllustration of the emission rates of the dipole into the waveguide (light blue
shaded area) I'y, and into free space I'fce .

The interaction of a two-level atom with a light-field is generally described by an interaction
Hamiltonian. Within the rotating wave approximationf| [21], this Hamiltonian is established
by the sum of the Hamiltonians of the atom H 4, the light field H 1, and their interaction H I
[22]. The atom has an excited |e) and a ground state |g) with an energy difference of 7uvy.
With the ground-state energy normalized to zero, the Hamiltonian of the atom is then Hy =
hwoo. /2 = hwole)(e| [23]. The light field is expressed as the sum of modes k (which can be
radiative modes as well as the guided mode) with creation and annihilation operators i), and
Gy, and the energy per mode Aw,. The Hamiltonian of the light field is the sum of all possible
modes: H L=, hw,g&,tvdn. Within the rotating wave approximation, the interaction of the
atom with an optical mode k is given by the sum of atomic decay while creating a photon in
mode & and atomic excitation with annihilation of a photon from mode k: aj;|g) (e| +au|e) (g]-
This process is weighted by the coupling field strength g,;. The interaction Hamiltonian is now

calculated by the sum over all modes k: Hr = 3, igx, <d,¢\e) (g| + &L!g><e\). The combined

system of the atomic two-level system and the light field is then described in the dressed state
picture by the sum of all three Hamiltonians, also known as the Jaynes-Cummings Hamiltonian
[24]:

H = hwole)(e| + Y hwwalan + > hge [dn|6> (g9l + &ng><el} (2.1)
with [23]:
_ wo s o
gk = rSWIMHG i) (2.2)

The scalar product (€ - f1) of the unit vector € of the electric field E(r) (polarization vector)
with the unit vector fi of the dipole matrix element fi = (g|p|e) accounts for the angle between
the dipole and the electric field. || is then the scalar dipole matrix element. The medium
surrounding the atom has the dielectric permittivity €. The quantization volume of the electro-
magnetic field is given by V.

The emission rate with an arbitrary photonic density of states D(w) = %% (variation of the
number of photonic states NV with the energy hw) is given by Fermi’s golden rule:
w,,. . D(w)
I = 2rlg(r,) PD(w) = T (e ) P > @3

IStarting in the dipole approximation, the interaction Hamiltonian has terms oscillating with w,, — wo and terms
oscillating with wo + w,. The dynamics of emission and absorption considered here are on a time scale much
slower than 1/wp or 1/w. Therefore, the latter terms, oscillating with the sum frequency wg + w are assumed
to average out on the relevant timescale. This approximation is referred to as rotating wave approximation.
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This rule can now be used to calculate the emission rate of the atom in an isotropic medium
[25]. The photonic density of states D(w) can be derived as follows: Wave vectors k with the
equal energy form spherical shells in the three-dimensional reciprocal space. The integrated
surface of such shells results in the number of modes N per energy interval Ahw. Now, the
derivation of D(w) = %?ﬁ can be performed, yielding:

2w

P = sy’

(2.4)
(Here, the dipole is embedded in an isotropic medium with the refractive index 7). Now, sub-
stituting D(w) in Fermi’s golden rule (2.3) and using ¢ = n’e( the emission rate of the dipole
in free space is:

nw?

Tigo = == | u|? 2.5
% 3#716003‘“‘ @5)

Besides the natural constants, the emission rate in an isotropic medium is a function of the
angular frequency w of the transition, the squared transition matrix element || and propor-
tional to the medium’s refractive index n. This emission rate in an isotropic medium has to
be compared to the emission rate into the guided modes of the waveguide structure I'y,. The
waveguide structure is defined by a refractive index distribution in n(z, y) which is invariant
in the propagation direction Z.

For this derivation, a general description of the guided modes, which is given by the trans-
verse light-field distribution of the complex electric field vector E(x, y) = (Ey(z,y), Ey(z,y),
E.(x,y)), is useful. Variations with time ¢ and in propagation direction z are chosen to yield
only a phase factor which is equivalent to stationary and non-diverging light field. E(z, y) has
to be square-integrablef| (confined transversally) for guided optical modes. For sake of sim-
plicity, the waveguide is assumed to be single-mode in this section, meaning that only one
guided field-distribution E(z, y) exists. However, there also exists an infinite number of radia-
tive modes. Besides its field distribution E(x, y), the group velocity vg, of the waveguide mode
has also to be taken into account in the following derivation. Both quantities depend on the
actual waveguide geometry, the refractive index n(z, y), and the wavelength \.

As a waveguide is a non-uniform dielectric structure, the photonic density of final states
D(w) changes with position, which inspired the term local density of states (LDOS). The quan-
tization volume for a waveguide mode is calculated by the effective mode area times the quan-
tization length L, V' = AgL. This effective mode area can be defined for the guided mode and
the dipole orientation ji:

[ n?(x,y)(E(x,y) - p)*dx dy
n?(ro)(E(ro) - f1)?

Here, the position of the emitter is given by ro = (xq, Yo, 20). The effective mode area can
be interpreted as the area of constant electric field intensity as experienced by the dipole
n?(ro)(E(ro) - )%, which carries the equal total power [[ n?(z,y)(E(z,y) - f)*dz dy as the
original mode in the component parallel to the dipole.

Aegt(ro, 1) = (2.6)

*The integral of the 1nten51ty distribution via the plane perpendicular to z must not diverge. Therefore, the
75 [72 [E(%,y)?dedy has to result in a finite value.
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The density of photonic states D(w) in a one-dimensional structure is [26]:

D(w) = L/(2mvg(w)) (2.7)
with quantization length L and the group velocity vg(w). With the help of Fermi’s golden rule
(£.3) the total emission rate I'yg into a mode of a one-dimensional waveguide results in:

Tywg = uf*(&- p)° (2.8)

2hn280Aefogr
Here, Iy, is the total emission rate into the guided mode, i. e. the sum of the emission in both
directions of the waveguide.

In order to calculate the enhancement of the rate emitted into the waveguide mode, the
isotropic emission rate of the atom I'j5, has to be compared to the emission rate into the guided
mode I'y. This fraction is referred to as emission enhancement factor c:

o= lve_ 3 _ ¢ N(E() - @) o
T dr gt () [ (o) (Bl g) - @drdy < P 29)
1 Tgr gA <€ >2 (2‘10)

T2 n(ro) Aes(ro, ft)

The second expression uses the scattering cross-section of a dipole 04 = 3)\3/(27n?) and the
group index ng = c/vg. Since the group velocity is the propagation speed of the envelope
function of a wave-packet, it is easily recognizable, that a decreasing group velocity results in
an increased interaction time of photon and atom. Here, it has been assumed that the refrac-
tive index at the position of the emitter n(ry) is equal to the refractive index of the medium
surrounding the free dipole.

The emission enhancement o is proportional to the intensity |Ej(rg)|? of the electric field
component parallel to the dipole at the position of the emitter ryg. With a given electric field
distribution E(r), c is strongest for that emitter position 7y showing the maximum electric
field intensity | | (r)|>. When optimizing the electric field intensity distribution | E (r)|? shape
for a maximum emission enhancement ¢, in general a highly confined mode is desirable as this
shrinks the effective mode area A.¢. Using dielectric waveguides, an effective mode area A of
the same order of magnitude as the photonic scattering cross-section o 4 is in reach, resulting
in an o which is around one and, therefore, a significant amount of photons are emitted into
the guided mode. The maximization of « optimizes the emission rate into the guided mode.
However, the parameters at this maximum do not necessarily coincide with the parameters
maximizing the coupling efficiency of the emitter and the optical mode. As the presence of the
waveguide changes the the allowed free-space modes (as can be seen in the modification in the
far-field emission pattern), coming along with a modification of the photonic density of states
(LDOS) compared to the isotropic medium, the emission rate into free space modes differs from
the rate in the isotropic case ['fee 7# I'iso. Furthermore, due to practical reasonsﬂ, the emission

*Fluorescing diamond nanoparticles, as used in this thesis as quantum emitters, are nanoscale solids which have
to be kept in place for the investigations. The investigation of the diamond nanoparticles, embedded in an
isotropic environment prior to the coupling to a waveguide, is experimentally unpractical. Optically levitation
of fluorescing nanocrystals has been demonstrated[27], but the optical trap shows a strong influence on the
fluorescence emission.
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rate in an isotropic medium T, is difficult to determine experimentally, as is the emission
enhancement factor . Easier to access is the total emission rate in presence of the waveguide
from which the coupling factor 3 can be derived. The coupling efficiency or coupling factor
is defined as the ratio of the photon rate emitted into the waveguide Iy to the total radiative
decay rate I'r,g = I'wg + ['free in presence of the waveguide structure.

| -

B =Twg/Trad = 5=
g/ ra ng+rfree

(2.11)

This coupling efficiency f is the probability of a photon being emitted into the guided mode.
Alternatively, 8 can also be interpreted as the probability of the two-level system absorbing a
photon from the guided mode. As mentioned above, the emission rate into the waveguide mode
I'yg is defined as the sum of right and left propagating emission. /3 is then twice the coupling
factor to one propagation direction. Therefore, the actual probability to absorb a single photon
coming from one side is 3/2 [28].

The presence of the waveguide has a direct impact on the total emission rate I';,q of the
emitter and also on the excited state lifetime 7. Such an influence of the surroundings on
the lifetime of an emitter has first been described by Purcell [3]. A change of the local density
of states (LDOS) changes the lifetime of its excited state 7is,/Tior. This lifetime change can
be described in terms of the Purcell factorf] [3] even though no cavity is present. The Purcell
factor compares the emission rate into the structure I'yz with the emission rate in an isotropic
medium i, [29].

Fp = h =« (2.12)
I‘iso
The modification of the overall radiative decay rate, which can also be seen as a change of the
emitters radiative lifetime compared to the isotropic case, is given by the fraction of emission
enhancement factor a and the coupling f3.
Tiso [rad o Dree

Ttot [iso 5 [iso

Concluding, as the waveguide adds additional photonic decay channels with the possibility of
high coupling, the Purcell factor Fp can be larger than one [28].

+ Fp (2.13)

The basic figures of merit concerning the coupling of a radiating dipole to a wave-guiding
structure have been discussed. To continue the discussion, the waveguide modes of interest
have to be specified first. Therefore, the next section provides an introduction into the basics
of guided modes in dielectric waveguides.

* Often, the change in lifetime is referred to as the Purcell factor Fp = 7iso/Tit = «/f [28]. However, in
his calculation [3], Purcell neglects a change in radiative emission rate due to the presence of the resonant
circuit I'iso & Tgree resulting in the widely adapted definition of the Purcell factor as Fp = I'wg/Tiso = a with
Tiso/Tiot = 1 + Fp. This is justified for high coupling factors 3 >> 0.9, as the change in lifetime is dominated
by the scattering rate into the cavity mode I'yz and leads to the widely used expression: Fp ~ % However,

if B is not close to one, as assumed here, the typical QED approximation is not justified and the more general

expression Fp = a with I'iaq/Tiso = Fp + Dgree /Tiso 1s used [29].
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Figure 2.2.: Basic one-dimensional slab waveguide structure, also known as dielectric sand-
wich structure or planar waveguide. The structure is indifferent in y and the
propagation direction z, but shows a step-function in the refractive index par-
allel to the z-axis.

2.2. One-Dimensional Slab Waveguides -
Fundamental Waveguide Properties

The fundamentals of waveguiding structures will be discussed by means of a one-dimensionally
confined waveguide. The results will then pose the basis for the understanding of the tapered
optical fiber (section P.3) as well as the slab waveguides (section b.1). The discussion presented
here skips some of the mathematical details. However, a more rigorous analytical treatment of
a one-dimensional slab waveguides can be found in the appendix [A.

A basic structure (figure R.9), showing the fundamental properties of dielectric waveguides,
is a layer with refractive index ng, thickness 2a along the axis # and infinite extent in the two
other dimensions (axes § and 2). This layer is referred to as the core and is embedded in a so
called cladding with refractive index n;. Within the ray optics picture, where the guidance is
mediated by total internal reflection at the dielectric interfaces, it is intuitively clear that no
has to be greater than n; to allow guidance. The structure is illustrated in figure 2.4 and can
be described in mathematical terms as a step function:

f
n(r) =n(z) = m forfe]>a and ny < no (2.14)
ny for|z| <a

In the following, the basic properties of dielectric waveguides are derived, based on Maxwell’s
equations.

Maxwell’s equations in purely dielectric media can be written as follows (with r = (x, y, 2))
[B0]:

V x E(r,t) + 8Bgt’ D _y (2.15a)
V x H(r, t) — 8]);”5) ~=0 (2.15b)
V-D(r,t) =0 (2.15¢)
V-B(r,t) =0 (2.15d)

Here, E, D, B, and H are the complex vector fields of the electric field and the electric displace-
ment field as well as the complex pseudovector fields of the magnetic field, and the magnetizing
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field, respectively. Additionally, there are two relations taking into account the materials in-
volved by including the dielectric permittivity ¢ and the magnetic permeability 1 :

B(r,t) = poH(r, t) (2.16a)
D(r,t) = e(r)E(r, t) (2.16b)

With the assumption of well-behaved functions (they fulfill Schwarz’ theorem [31]) which
allows to switch the order of temporal and spatial derivatives, the stationary wave equations
for monochromatic light can be derived:

(A - k*n? (r))

E (2.17a)
(A — k2n2(r)) H

(2.17b)

Here, the Laplacian operator AE(r) = V x V x E(r) and the wave vector k have been intro-
duced.

Since the structure is invariant in ¢ and 2, Z is, without loss of generality, chosen as the
direction of propagation. The propagation of a monochromatic wave can be expressed with
a propagation constant consisting of the absolute value of the vacuum wave vector k = vk2
times the effective refractive index n.g. For any field distribution, the effective refractive index
Negr has to take a value between n; and ny. Choosing 2 as the direction of propagation and the
fields being invariant in ¢ yields (with the imaginary unit 4):

E(r) = E(z) exp(—negk=z) with n1 < Nefr < Na (2.18)

These simplifications can be inserted into the wave equations (.17d) and (£.171). After evalu-
ating the derivative of the Laplacian, the functional dependence on z is dropped. The resulting
wave equations are:

2

dig(zx) + (n(2)? = ngy) K*E(z) = 0 (2.19a)
2

- ;—igx) + (n(x)? — ngg) K*H(z) = 0 (2.19b)

These equations can be solved by two orthogonal modes with different polarization. They
are distinguished by their transverse (¢) field component, the transverse electric (TE) and the
transverse magnetic (TM) mode:

0 H,

TE: E=|[ E, H=| 0 (2.20)
0 H,
E, 0

™: E=|[ 0 H=| H, (2.21)
E, 0

The solutions to (2.19a) and (2.19H) can be either an exponential decay or a harmonic oscillation
with z depending on the sign of (n(z)? — nZ;). The equations will be solved separately in the
three regions (above, within, and below the waveguide) and afterwards the solutions will be
related at the interface based on continuity considerations.
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Transverse Electric Modes: The solutions F, () for equation (2.19d) describing a

transverse electric mode are:
( 2 2
Ey1exp [277\ [nSe —ni (x + a)} forz < —a

TE : Ey(x) = { &2 cos [27r, /nd —nkex + 'y} for |z| < a (2.22)
Ey1exp [277\ [nZe —n? (a — ZE)} forx >a

with the amplitudes &, ;. Here, the natural length scale is the wavelength A of the light. There-
fore, it is convenient to express all lengths like the coordinates x, ¢, z and the waveguide width
2a in units of the vacuum wavelength A\. With this choice, the absolute value of the wave vector
k equals 27. The lateral field distribution can be either symmetric or antisymmetric. Depend-
ing on the phase factor v which is 0 for even and 7/2 for odd modes. In the core (x < a) the
effective refractive index neg is the parameter defining the lateral oscillation period. A small
core region (a < 1) results in n.g being close to n1, which creates fast oscillations with . On
the other hand, n.g approaches no for very wide cores (a > \) which is causing slow oscil-
lations with z. Evidently, for a certain finite waveguide width a, only a discrete range of n.g
allows the existence of either symmetric or antisymmetric modes. Such a set of mode profiles
is enumerated by the mode index number ¢, which corresponds to the number of nodes in the
intensity distribution. Every mode is a specific combination of a lateral oscillation length in-
side the core and an exponential decay into the cladding |z| > a, referred to as the evanescent
field. Similar to the situation for the oscillation length in the core the evanescent field in the
cladding decays fast if n.g approaches no, or can become very large (many wavelengths) if neg
is close to nj.

The corresponding magnetizing field H(z) can be calculated using Maxwell’s equations. The
functional dependency E(z) (B.18) has to be remembered at this point as well as & has been
set to 2w by expressing all length scales in units of the wavelength A\. The non-vanishing
components, therefore, are:

27Tneff
H,(z) = — E 2.23
() w0 y(x) ( a)
H.(z) = —- L 9B, () (2.23b)
Jwpo  Ox

The relative amplitudes &, can be determined from the continuity relations regarding the
parallel and perpendicular components of the electric and magnetic fields at the core-cladding
interface. These continuity relations can be derived directly from Maxwell’s equations and are,
therefore, very general for any jump in the relative dielectric permittivity €, and/or the relative
magnetic permeability u, [30]. The components of the four fields D, E, B, and H, which are
parallel || and perpendicular L to the dielectric interface, are continuous at the interface but
with the following exceptions. If there is a jump in the dielectric permittivity &,, the parallel
component of the electric displacement field D|| and the perpendicular component of the elec-
tric field E/| are discontinuous. In the same way;, if there is a jump in the relative magnetic
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Figure 2.3.: Exemplary illustration of the TE-modes for two different waveguide widths.
The profiles of the electric field E, (), the magnetizing fields H,;(z), and H. (z)
are plotted in individual arbitrary units as function of the x-coordinate which
is given in units of the wavelength \. The electric field component E,(x) and
the magnetizing field H,(z) are proportional and therefore result in the same
curve due to the normalization. The refractive indices are chosen tobe n; =1
in the cladding (white) and ny = 2 in the core (indicated by the gray shaded
area). The waveguide widths 2a are 0.288\ (single-mode regime, close to cut-
off) on the left and 0.5\ (multi-mode regime) on the right. The mode index ¢
for mode d and b is 0 whereas it is 1 for the mode c.

permeability p, at the interface, the perpendicular component of the magnetizing field H | and
the parallel component of magnetic flux density B || are discontinuous. Summarizing these
continuity relations provides:

continuous: D, Ej B, H| potentially discontinuous: F D H, By (2.24)

Applying these continuity relations to the TE-mode E(z), and H(x) are found to be continuous

(e.g. Ey(a+e) 20 E,(a — €)). From equation (2.23b), it directly follows that in this case also
the derivative E, /0x is continuous. Then, Ey(x) and H,(z) are smooth without kinks as
illustrated in the example solutions plotted in figure .3,

By comparison of the relative amplitudes &, (1 o), provided by the continuity of £y () and
H,(x), a necessary condition for the existence of a mode with the mode number ¢ can be
derived (see appendix [A| for details):

2 2
2 Nee —n
q=4y/n3— nsza — —arctan ;ff—; g €N (2.25)
T Ny = Mg

For a given waveguide with width 2a and refractive indices n; and ns, every effective refractive
index g allows a stable guided mode for which equation (£.29) results in an integer number
q.
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The electric field of the TE-mode has only a component in y, therefore, its polarization is in-
plane with the dielectric interface, but perpendicular to the propagation direction. As discussed
before, there is a second class of modes, the TM-modes. These modes have a polarization per-
pendicular to y and also a non-vanishing electric field component in the propagation direction

(|E;| > 0).

Transverse Magnetic Modes: At first sight, the solution H,(z) for the transverse
magnetic modes (TM) of equation (2.19b) is identical to E,(x) derived for the TE-modes [©.29):

( /12 2

Hy1 exp [QW nge —ni (x + a)} forx < —a
Hy(x) = { Hy2cos {271’\ [nd —nZex + ’y} for |z| < a (2.26)
Hy1 exp {27“ % —n? (a — x)} forx > a

However, new effects appear for the electric field components for TM-modes which again are
derived directly from Maxwell’s equations:

Bu(w) = ot Hy @) (227)
E.(z) = ! OH, () (2.28)

wegn?(x) Oz

Here, the proportionality is modified by the relative permittivity &, (x) = n?(x) which causes a
jump in E,(x) at the interface. With this jump the local field intensity E2(z) of the evanescent
field can be larger than the field within the core (see figure R.4). As discussed before, ., () has
to be continuous but this time the derivative 0H,(x)/0x is not, causing H,(z) to show kinks
at the interfaces (see figure P.4).

Analogous to the TE-mode, from the continuity relations (2.24) the conditions on 7. for
guidance can be derived:

2 2 2
2 n Niee — N
q = 4y/n% — n%;a — = arctan <—2) ;ffi; geN (2.29)
™ ni ng — Negr

This equation is nearly identical to what have been found for the TE-mode (2.29), but with the
factor (n2/n1)? in the arctangent. One effect of this modification is that TE and TM-modes
show different effective refractive indices n.g for the same mode index . In general, TE-modes
show a larger n.g for the same mode number g resulting in a higher propagation constant n.gk
and lower phase velocity vpp o< 1 [ Tett.

In contrast to the TE-mode, the TM-mode has an electric field component in x and in z. As
both components differ by the imaginary unit ¢ they have a fixed relative phase-shift of 7/2.
This results in a rotating electric field vector in a plane parallel to the propagation direction
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Figure 2.4.: The TM-mode, illustrated exemplary for the same two waveguide widths as

in figure .3 The profiles of the magnetizing field H,(z), the electric fields
E.(z), and E,(z) is plotted in individual arbitrary units as a function of the
z-coordinate. The units used for x is the wavelength A. The refractive indices
are chosen to be n; = 1 for the cladding and ny = 2 in the core (marked as
gray shaded area). The waveguide widths 2a are 0.288) (single-mode regime,
close to cut-off of the second order mode) on the left resulting in mode “b” and
0.5\ (multi-mode regime) on the right yielding the fundamental mode “c” and
the first and only higher order mode “d”. The mode index ¢ for fundamental
mode “d” and “c” is zero whereas it is one for the first higher order mode “d”. In
the appendix [A], mode profiles for additional waveguides widths are illustrated.
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and perpendicular to the dielectric interface.

For every guided mode, except the for fundamental modes, (¢ > 1) there is a specific rela-
tive waveguide width a for a specific wavelength below which the mode does not exist. This
transition is referred to as the cut-off wavelength Ay 4 of the mode ¢. If no mode is specified,
the cut-off wavelength of a specific waveguide is defined as wavelength where the transition of
single-mode to multi-mode operation occurs (Acyt = Acut,1)- The cut-off waveguide width acye
can be derived from equations (2.23) (TE modes) or (2.29) (TM modes) by setting the effective
refractive index n.s,, of mode ¢ to n as this represents the cut-off condition. For the TE- and
the TM-modes the same result can be found:

q
Qeuty = —F———= (2.30)
cubd 4 n%—n%

The propagation constant n.gk = 27mneg/ A has a non-trivial dependence on the wavelength,
since the effective refractive index neg()) itself is a function of the wavelength. In this sense
the waveguide geometry creates a chromatic dispersion additional to possible intrinsic disper-
sions of the materials. This dispersion manifests itself in a difference in phase velocity and
group velocity of a propagating wave packet. The phase evolution during propagation can be
expressed by the phase velocity of mode g:

w C
Uph,q = = (2.31)
neff,qkq Teff,q

with the angular frequency of the light wave w and the vacuum speed of light c¢. As found in
the previous section (see equation (.10)), the emission enhancement factor « is proportional
to the group index n,, which is the vacuum speed of light ¢ divided by the group velocity vy;,.
The group index ny, can also be expressed by:

R ok ont L Ongt

1ng = & == = =n_ =n — 2.32
/ng C Ca(neffk) 8(neffk:) neff +k 8k neff A 6)\ ( 3 )

In the limit of a waveguide which is narrow compared to the wavelength, the transcendental
equation (2.25) for the TE-mode can be analyzed further. Clearly, the single mode regime is
valid (¢ = 0), yielding:

1 n2. _n2
a = ————arctan [ L;] (2.33)
2my/nd — nk; Ny — Negr

As with decreasing a also the arctangent decreases, it can be approximated linearly with arctan(z) ~
z. Additionally, for small a, the effective refractive index n.g is approaching n;. Therefore,

(n3 — nZ) ~ (n3 — n%) can be used:

2 2
Niee — N 2.34
om(ng —n3) V e (2.54)
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Figure 2.5.: Cylindrical waveguide shown schematically in cross section. This type of struc-
ture is realized in nanofibers as well as in standard optical fibers. The radius
of the cylindrical waveguide is a. The cylindrical coordinates r and ¢ are indi-
cated by red arrows. The z-axis, which is shared by Carthesian and cylindrical
coordinates, points into the plane.

The approximation (2.34) can be used in the exponential decay of the evanescent field as it is
described for x > a (z < a is equivalent) in equation (2.23). The approximated decay for small
a can be written as:

E;E($> ~ Ey1exp [—47r2(n% —nda ] forx > a (2.35)

This representation shows, that, for waveguide widths small compared to the wavelength (small
a) the decay-length of the evanescent field is inversely proportional to the waveguide width a.
Therefore, a half the waveguide width can lead to twice the extend of the evanescent field.

Concluding, a simple one-dimensional sandwich structure features two distinct sets of modes,
the transverse electric and transverse magnetic mode. They show similar properties but also
certain differences due to the asymmetry in the material properties (equal i, but different
€r). Based on the continuity relations, the evanescent field of the transverse magnetic modes
(TM) can be much stronger and even exceeding the maximum inside the waveguide. At the
interface, this set of modes features also a strong electric field component in the direction of
propagation (z). In the limit of very wide waveguides, as well as for very thin waveguides, the
intensity of the evanescent field on the surface is low, however, there exits a maximum in the
evanescent field intensity when the waveguide width is of the same order of magnitude as the
wavelength. This regime is referred to as the strong evanescent field regime which coincides
with the regime of a strongly confined mode as the extend of the mode is minimal.

In two-dimensionally confined waveguides, the TE and TM modes form hybrids showing
properties of both types, e.g. the jump in the electric field at the surface but also its continuity
depending on the angle of the local electric field vector to the surface. These features will be
discussed in the following section which is attributed to cylindrical waveguides.

2.3. Cylindrical Waveguides

A natural choice for the confinement of light in two dimensions is a cylindrical core embedded
in infinitely extended cladding. The perhaps simplest and most prominent example of such a
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cylindrical dielectric waveguide is the optical fiber, which is a standard tool in telecommunica-
tion technology and science. Such optical fibers represent a special type of cylindrical waveg-
uides with a large core radius compared to the wavelength a > A and a very weak refractive
index contrast ny/n; &~ 1. Due to the resulting low mode confinement they are referred to
as weakly guiding fibers. The modes of such weakly guiding fibers can be approximated as
linear polarized (LP) modes, also known as transverse electro-magnetic modes (TEM), as in
this approximation the electric and the magnetic field feature transverse components only. A
derivation of this linear polarized mode approximation also known as weak-guidance approx-
imation can be found in the literature such as [32].

In contrast, the work presented here focuses on nanofibers with a diameter smaller than the
wavelength and a high refractive index contrast (ny/n; & 1.4). In this case, an approximation
with linear polarized (LP) modes is not justified [33], instead the exact solutions to Maxwell’s
equations have to be used.

The discussion of the cylindrical waveguides presented here starts with the general deriva-
tion and discussion of the mode profiles (following the approach of [33]). This treatment will
focus on single-mode nanofibers featuring strong mode confinement. This discussion leads
to actual values of the coupling parameters o and 3 for an emitting dipole coupled to the
nanofiber.

2.3.1. Optical Mode Profiles of Nanofibers

For a dielectric cylinder (illustrated in figure P.5), cylindrical coordinates (r = (r, ¢, z)) are the
natural choice. Let the waveguide, as well as the light propagation, be parallel to the axis 2, then
the radial coordinate is 7 = |r| = /22 + y? and the angular coordinate is ¢ = arctan(y/x).
Thus, the core region is defined by r < a. The core material refractive index is denoted as na,
while the surrounding cladding (r > a) has the refractive index n;, fulfilling n; < ng. The
waveguide structure is invariant in z and ¢ and the refractive index n can be expressed as a
step function of r:

ny forr>a
n(r) =n(r) = {n; for s ; ) and ny < ng (2.36)

The wave equations (2.17d) and (2.17H) can be expressed in cylindrical coordinates. Addition-
ally, the derivative with respect to z can be evaluated immediately in analogy to (£.18) with

38722 = —nigk®:
92 190 1 9
(({97“2 + o + ﬁ@ B (nsz - nQ(T))k2> E(r, ¢, 2) =0 (2.37a)
2 10 1 9
(813 e T as (ngee — HQ(T))/C2> H(r, ¢, z) =0 (2.37b)

Linear solutions for the lateral field distributions E(r, ¢), H(r, ¢) have to be separable of the
form:

E(r, ¢) =F(r)G(¢)  H(r, ¢) = L(r)M(¢) (2.38)
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With the substitution (2.3§) and rearrangement of the dependencies on r and ¢ in (.374) and
(.37b), they can be separated. These equations can only be solved for all values of  and ¢
if both parts, G(¢») and F(r) are equal to a constant, which will be named m? and I2, respec-
tively. Then, two equations per field can be found. In the following, the discussion focuses
on the solutions for the electric field, the magnetic field behaves equivalently if not mentioned
explicitly.

0? 9
<&¢2 +m ) G(¢) =0 (2.393)
220 (nZg —n*(r)k*r* =1 | F(r) = 0 (2.39b)
Or2 or eff .
The first equation can be solved by:
() = € explimo) (2.40)

This directly implies that m is an integer as the condition G (¢=0) = G(¢=2) has to be fulfilled
and, therefore, [ is an integer too.

The second equation (2.39b) has the form of Bessel’s differential equation [31]. If the factor
(n%; —n?(r))k? is negative, the result is identical to the ordinary Bessel’s differential equation
whereas, if the factor is positive, the modified Bessel’s differential equation has to be consid-
ered. In the core region with neg < ng, the ordinary Bessel’s differential equation has two
solutions for each [, called 1°" and 2™ kind. The solution of the 2" kind diverges for small
arguments and is, therefore, discarded as unphysical. In the same way, the modified Bessel’s
differential equation in the cladding n.s > n1 has two solutions for each [, where the 1°* kind
diverges for large arguments and is therefore rejected as well. The two non-diverging solutions

are:
1 [7 . . .
Ji(x) = / cos(nt — xsin(7)) dr forl eZ ordinary, 1° kind
o (2.41)
! o .
Ki(x) = T Jil(m.) i) forl e Z modified, 2™ kind
2 sin(lm)

At this point, the modified propagation constants h and ¢ can be introduced, simplifying the
expressions in a way consistent with the literature such as [33]:

h? forr<a
2 2 2

nie —n(r))k° = 2.42

( eff ( )) {qg forr > a ( )

with: h = {/n3 — nszk: and q= nsz —n2k (2.43)

Including equations () and () one can find solutions for (.374) and (2.37b)) of the kind:

Erdi(hr) exp(m¢) forr <a

(2.44)
E K (qr) exp(me) forr > a

Elm(ra ¢) = {
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A general field distribution consists of a superposition of modes:
E(r,¢) =Y > Eim(r, ¢) (2.45)
m

Higher order modes fulfilling the exact analytical equation are indicated by m, the azimuthal
mode number (2.394d) and I, the radial mode number (2.39H). Additionally, they are labeled ac-
cording to their polarization as either hybrid modes HE, EH or pure TM and TE. The modes
TEo; and TMg; are fully rotational symmetric (as m = 0 implies). Here, the main electric field
polarization component is either radial or azimuthal. In both cases, the mode is doughnut-like,
with a node in the center and, therefore, are intuitively not the fundamental modes. Together
with the EH;; mode, these modes correspond to the LP;; mode. The hybrid mode HE;; has
a high intensity in the waveguide center and dominating linear polarization. This mode is the
fundamental mode and corresponds to the fundamental mode in the linear polarization approx-
imation LPg;. There exists a cut-off condition for all these modes like in the one-dimensionally
confined waveguide except for the fundamental mode HE;; [34].

The following derivation is concerned with a single-mode waveguide only. The discussion
will, therefore, be restricted to the fundamental mode HE;;. In analogy to the treatment in
the one-dimensional case (section P.3), the other field components can be calculated based
on Maxwell’s equations, and the continuity relations at the interfaces (2.24) can be used to
find the effective refractive index n.g as function of a and the refractive indices. neg and
the propagation constant n.gk can then be found as solutions to the transcendental equation
(please note, h and ¢ are functions of n.gk) [33]:

B(ha)  m+md Kige) | 1
haJy(ha) 2n?  qaKi(qa)  h%a?

2 2 K/ 2 2 1 1 2
B <n2 2n1 1(qa) ) n nlef <22 +— 2) (2.46)
2n3  qakKi(qa) n3 \¢°a®  ha

A solution of this transcendental equation is shown exemplary in a plot of n.g against the
waveguide radius a as dispersion-like diagram in figure .6,
The radial function F'(r) is given by:

E(T‘, b, z, t) = F(T) exp(l(_Wt + negrhz & ¢)) (247)

Asdiscussed in [33], the fundamental mode in radial coordinates is a superposition of Fj—q ,,—+1
and Ej—9 ;,—+1. The radial function F(r) for this superposition has the three components in
cylindrical coordinates:

_ —zA"gf}ka ((1 = s)Jo(hr) — (1 4 s)Jo(hr)) forr <a
Er(r) = {—zA";f;k 1?1((];2)) (1 —=s)Ko(gr) + (14 s)Ka(qr)) forr >a (248)
Ank (1 — ) Jo(hr) 4 (1 + s)Jo(hr)) forr <a
Fy(r)y=4" 2" :
o(r) {A”;f;k 1‘7{11((};2)) (1 —s)Ko(gr) — (1 + s)Ka(qr)) forr > a (249)
F.(r) = {ii;(m) forr < a (2.50)
1(qr) forr > a
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Figure 2.6.: Dispersion of a cylindrical waveguide with core no = 1.45 and claddingn; = 1.
In the upper plot the effective refractive index is plotted based on the transcen-
dental equation (2.46) for different core radii a. The group index (lower plot)
is calculated from the effective refractive index according to (2.32) and is used
in the calculation of the emission enhancement factor «. The range of relative
waveguide widths has been chosen to cover the features of the experimental
realization.

with:
(ga) "> + (ha)~?
Ji(ha) | Ki(ga)
hadi(ha) T qak(qa)

(2.51)

This intensity distribution is illustrated in figure R.7 for as specific set of parameters which
is chosen in accordance to the experiment (chapter ). A representation of such a mode in
Cartesian coordinates as well as in Cartesian field components can be found in [33].

The fundamental mode HE1; (shown in R.7) is often referred to as quasi linear polarized, since
one electric field component is dominating. For this discussion, this dominating component can
be chosen to be F,, (in this case, Cartesian coordinates are useful as they resemble the symmetry
implied by m = 1). Now, comparing the situation with one-dimensional waveguides, due to
the continuity of F| at an interface like in the y-direction (xz = 0), the electric field profile
E, should be similar to the analytical results shown for E,, of TE-mode in planar waveguides
(Fig.: R.3). Analogously, from the discontinuity of E | , a TM-like (figure P.4) behavior of E, in
x-direction at y = 0 can be expected. For the combined profile, the value at the origin z =
0, y = Ohas to be identical. This directly shows that even for two-dimensional waveguides, the
evanescent field intensity in the direction of the main polarization (here Z) can be much higher
than the field inside the core region. Then, F) is zero in the z-direction as the TM-mode has
no component parallel to the interface. For the y-direction, as the TE-mode has no component
perpendicular to the interface, £, is again zero. The third component, E., is strong near the
surface in z similar to the situation with the TM-mode, but with a zero-crossing at the center.
E, vanishes completely in the y-direction, as does the TE-mode. Motivated by the ambivalence
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Figure 2.7.: The radial intensity profile (HE1;) of a single-mode nanofiber as predicted by
equations (2.48), (2.49), (.50) for the radial, azimuthal, and tangential compo-
nents, respectively. The modulus squared of each component of F(r), the radial
dependency of E(r) is shown as well as their square sum. The values used for
this plot are inspired by the experiment shown in chapter §| and are chosen as
follows: @ = 0.195\, no = 1.45, and ny = 1. This results in the parameters
Nesr = 1.03, and s = —0.96. The gray shaded area indicates the nanofiber core
region.

of a mode showing TE and TM-like properties, these modes are called hybrid modes (in this
case the fundamental mode HE{1).

The knowledge of the mode-profiles and their dependence on the radius a can be used to de-
sign a nanofiber with optimized coupling to e.g. a broadband quantum emitter like the nitrogen
vacancy center in diamond, which is discussed in detail in chapter .

2.3.2. Dipole Coupling to a Nanofiber

In section @, the basic formulas, needed to calculate the emission enhancement factor o from
a known electric field profile E(x, y) of a certain mode, have been derived. This calculation can
now be applied to the mode profile found for the nanofiber, which allows to determine « and
B [B5].

The system, which is going to be discussed here, is a dipole placed on the surface of the
nanofiber. This choice is based on the experimental realization scheme where the quantum
emitter is placed on the surface of the waist of a tapered optical fiber which is surrounded by air
(for details see chapter ). TOFs are made of standard single-mode silica fibers and, therefore,
also the nanofiber material is silica. The refractive indices from the actual experiment are used,
defining a fused silica core with the refractive index of ny = 1.46, surrounded by air n; = 1.
The fiber radius a is the only free parameter left, and therefore, be measured in units of the
wavelength A. Doing so, the wavelength dependence of the coupling parameters and their
scaling with the fiber radius a can be visualized within a single graph.
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The knowledge of the nanofiber mode allows for the analytical derivation of the emission
enhancement factor cv. From equation (R.6) and (2.47), the effective mode area for a dipole posi-
tioned above the fiber surface with a variable distance d to the surface and a dipole orientation
parallel to field component j of the respective mode is given by:

27 [ n®(r)|F(r)Prdr

Aer j(d) = Fiat dP (2.52)

Inserting this expression of the effective mode area into equation (2.10), finally gives the desired
emission enhancement factor:

in ~oalFj(a+ d)|?
87 & [ n2(r)|Fy(r)|2rdr

a;(d) = (2.53)
Here, the dipole orientation with respect to the electric field (¢ - j1)? will not be treated as a
scalar product, but replaced by separate solutions for the three different dipole orientations
j=r o,z

The analytical expression for the group index ng, from the transcendental equation ([£.46)
is linearly interpolated based on n.g(\) which is calculated at discrete wavelengths \ (see
equation (2.33)). This group index is plotted against the waveguide radius a in figure .4.

For a vacuum-clad nanofiber with a core refractive index of ny = 1.46, the emission en-
hancement factor o can be above 0.7 for two of the three dipole orientations. With this value,
it can be expected that about 70% of the total emission rate in an isotropic medium can be ex-
pected in the waveguide mode of the coupled system (I'y; =~ 0.7[';s,). The maximum coupling
is achieved with a fiber radius of about @ = 0.23), which is consistent with the analysis of
Waken et al. [36]. The region for maximum coupling is broad, which can be interpreted as a
tolerance criterion for the fabrication of the fiber or a broadband coupling with respect to the
wavelength. The waveguide-width dependency of « is shown in figure P.§.

As discussed in the previous section, the experimental determination of the emission en-
hancement factor is unpractical. However, the coupling efficiency 3 can be obtained and will
therefore be used to compare the experiment with theoretical results.

The coupling efficiency is expressed by the factor 3, whose determination requires the knowl-
edge of the emission rates into the waveguide modes and into free space in presence of the
waveguide. To calculate the emission rate into free space modes, these modes have to be de-
termined first, but, since the nanofiber modifies the free space emission pattern these modes
are difficult to calculate. Using an analytical derivation, Klimov et al. [B5] were able to calcu-
late the radiative decay-rates into the fiber as well as into free-space modes. These calculations
were performed for different refractive indices of the nanofiber and as function of the fiber
radius a. However, none of the refractive indices discussed in this publication match the index
of the fiber used in this experiment. Instead of the analytical calculations, a numerical three-
dimensional Finite-Difference-Time-Domain method [37] is used to simulate the emission of
the dipole on the nanofiber which allows to extract 3. This procedure has the advantage of be-
ing very flexible in the design of the structure. For instance, a diamond nanocrystal can easily
be included in the simulations, modeled as a dielectric sphere surrounding the dipole.

The FDTD-simulation for a time-independent emission source results in a stationary power
density distribution in the three dimensional simulation volume (a two-dimensional cut along
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Figure 2.8.: Calculated emission enhancement factor « as function of the waveguide radius
a for the three main dipole orientations: radial to the waveguide «,., tangential
g, and parallel .. The electric fields at the position of the emitter as well as

the effective mode area A.g were obtained using equations (2.48), (.49), (.50),
the group index n, follows graph R.4.

simulation volume
T

nanofiber Y 4
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Figure 2.9.: Exemplary intensity map (right) of a plane cut through a cylindrical waveguide
with an emitting dipole on top such as illustrated on the left. The intensity
map (high value: white, low value: black) is created via 3-dimensional FDTD-
simulations [37] of a volume of 4 x 4 x 8 um?®. The cut plane (z-z-plane) shown

in the right is parallel to the waveguide and centered (y = 0). The orientation
of the simulated dipole is parallel to the fiber surface but diagonal between z
and y. The fraction of light being coupled to the nanofiber is indicated by the
constant intensity (non-diverging) in the fiber to the left and to the right.
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Figure 2.10.: Coupling efficiency [ of a dipole placed on top of a cylindrical waveguide with
refractive index of 1.46 and radius a. These values have been obtained from
FDTD-simulations such as depicted in figure R.9. /3 is shown for the three
different dipole orientations, radially (r), azimuthal (¢) and parallel (2) to the
fiber axis.

the center of the nanofiber is shown in R.9). The size of the simulation volume has been chosen
as a compromise of computation time, simulation accuracy, and the decay length of near field
effects.

The total emitted power Py, of the dipole can be extracted from the summation via the power
of each grid point of the outer shell P, ;. », of the simulation volume. Thereby, the projection
of the spherical emission pattern onto the rectangular surface of the simulation volume has
been compensated for. Here, the simulation volume has a high aspect ratio. The power in the
waveguide mode can be well approximated by the summation of the power of the two end
faces of the simulation volume. The fraction of the total power to the guided power is equal to
the fraction of the total emission rate I, to the emission rate into the guided mode I'y; and
therefore equal to /3. It has to be noted, that FDTD-simulations are not able to determine the
absolute value of I'r5q, I'free Or 'y but only their mutual relative values [38].

The FDTD-simulations{] predict a coupling efficiency with a maximum above 45% for a dipole
oriented radially (,. This peak is found for a fiber radius of @ = 0.23\, which is at the same
position as the peak of the emission enhancement factor ;.. The coupling efficiency 3, of the a
tangentially oriented dipole is nearly constant (around 26%) in the range a = (0.16...0.25)\.
A dipole oriented along the propagation direction z is expected to experience the lowest cou-
pling efficiency (0.1 < 3, < 0.24) within the simulated range of @ = (0.16...0.25)\.

The determination of o and 3 allows to discuss their quotient, the expected change in the

°In the FDTD-simulations, the dipole is located slightly (0.08a) above the surface of the nanofiber. This distance
is chosen to account for the size of the dielectric particle hosting the dipole in the experimental part. Additional
simulations are performed hosting the dipole in a dielectric sphere of 0.16a (20 nm) to represent the diamond
nanocrystal. These simulations showed no significantly different results from the ones without the dielectric
sphere.
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Figure 2.11.: Expected change of the emitters total lifetime as a function of the nanofiber
radius a.

exited state lifetime Tyo/7is0 = (/v for the different orientations of the dipole with respect to
the nanofiber (see figure ). Here, for two (||, ||) of the three main dipole orientations a
relative lifetime Tyo/7iso below one is found (see figure ) Such shortening of lifetime due
to the presence of the fiber indicates an enhancement of the total radiative decay rate and a
Purcell-effect can be expected (see also section R.1). However, the azimuthal dipole orienta-
tion (||4) shows an increased lifetime for decreasing core radii. As the coupling efficiency 5,
is nearly constant, this indicates suppression of spontaneous emission into the fiber and into
free space modes at the same time.

In summary, the discussion of the interaction between a light field and a two-level quantum
emitter, leads to expressions for the relative emission rates. From these rates, the emission en-
hancement factor o and the coupling efficiency 3 can be derived. The emission enhancement
« is a measure of the emission rate which can be expected to be emitted into the waveguide
mode. The coupling efficiency S is the probability of an emitted photon to be coupled into the
waveguide mode. However, /3 is also the probability of the two-level-system to absorb a pho-
ton guided by the waveguide. Already the most basic waveguiding dielectric structures, the
one-dimensional slab waveguide shows an evanescent field, mode confinement, mode cut-off
and waveguide dispersion. In such a structure, there exist two sets of modes, the transversally
electric (TE) and transversally magnetic (TM) modes. In contrast, the cylindrical waveguide
features the fundamental mode HE;, which is a hybrid of TE and TM-modes showing proper-
ties of both types. This hybrid nature is most prominent in highly confining waveguides such
as the single-mode nanofiber with a high refractive index contrast. For this nanofiber, the ex-
pected emission enhancement parameter o and coupling efficiency [ are calculated, for dipole
orientations radially, azimuthal, and parallel to the fiber yielding values up to 45%, 26% and
24% respectively. The change in the photonic lifetime could be extracted from these values
(figure R.11)), giving a hint about what emission rate changes can be expected. However, as
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non-radiative decay channels might be modified by surface-, mechanical, or electrical effects,
the modification of emission rates can be expected differ from these predictions in the actual
experiment.

Before comparing these predictions with the results of the experimental realization, the fol-
lowing chapter introduces the nitrogen-vacancy center which will be used as single quantum
emitter in the experiment.
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3. The Nitrogen-Vacancy Center

In order to test the coupling to single mode waveguides experimentally, a single, isolated quan-
tum emitter has to be chosen. Many different systems are possible candidates, such as atoms,
quantum dots, dye molecules and fluorescent defect centers in crystals. The latter has been cho-
sen for this work, due to their simple handling and their reliability. A very common fluorescent
crystallographic defect center in the diamond crystal is the nitrogen vacancy center. In the past
years, this system has gained much interest in the scientific world due to its huge variety of
interesting properties [39]. Two of the most prominent features are its high photostability
without blinking or photo-bleaching and its operation at ambient temperatures, rendering it
a promising candidate for a stable and efficient single-photon source [40] (even commercially
[41]). Another fascinating feature is that its spin can be initialized and read out optically. Via
this spin, the NV-center is used to sense electric and magnetic fields [14, 42, 15], temperatures
[13] and even detect and manipulate close nuclear spins [[1], individually serving as a solid-state
based multi-qubit system [43, 2]. For many of these applications, single NV-centers hosted in
diamond structures, like AFM-tips [44] or nanodiamonds [45], can be used for extraordinarily
high spatial resolution.

In the context of this work the nitrogen vacancy center is used as a single quantum emitter,
therefore, this chapter will focus on its photon emission properties. The NV-centers used here
are hosted in diamond nanocrystals which can be positioned deterministically on arbitrary
structures using an AFM-based nanomanipulation technique. This chapter provides a short
introduction to the basic photonic properties of the NV-center which will be useful in the
subsequent chapters dealing with a coupled system of fluorescing nanodiamond and tapered
optical fiber.

3.1. Structure of the Nitrogen-Vacancy Center

The nitrogen vacancy center is a defect in the diamond crystal lattice, consisting of a nitrogen
atom substituting a carbon atom and an adjacent vacancy in the diamond lattice (illustrated
in figure B.1 a)). This complex has localized electronic states within the diamond band gap
(AE = 5.45eV) of which some feature optically active transitionsfl. Starting with two levels,
a triplet ground-state (*A) and a triplet excited state (°E) the level-structure will be gradually
expanded within this section to explain the features relevant for this work.

The NV-center features two charge states, the neutral state (NV°) and the negative charged
state NV~ with an additional captured electron, which has been donated, for instance, by

By optically active transition an electronic transition is meant which couples to the photon bath. The system
can be excited while annihilating a photon or decay into a lower energy state while generating a photon. Here,
energy differences are of interest which correspond to photons in the visible and near infra-red spectral range.
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Figure 3.1.: a) Schematic of the nitrogen-vacancy center in the diamond crystal matrix. The
gray dots indicate the carbon atoms of the diamond lattice. The substitutional
nitrogen atom is indicated by N and the neighboring vacancy is denoted with V.
b) Schematic of a simple model, describing the NV-center’s level structure in-
cluding the two charge states, indicated (NV° left and NV~ right). The horizon-
tal black lines indicate the vibronic ground state of the electronic levels (elec-
tronic ground state A, excited state E, and shelving level ' A). The gray shaded
areas symbolize vibrational excitation bands. The straight arrows indicate pho-
tonic (radiative) transition, whereas the curled lines indicate a non-radiative
transition. This level-structure is arranged within the band-gap generated by
the diamond crystal lattice. The conduction band is located energetically above
the excited levels and the valence band is below the ground states. Both bands
are not shown here.

a close nitrogen atom. Both charge states feature an optical transition at the wavelengths
Any0 = 975nm, A~ = 637nm (see figure B.1 b)), respectively, and excited state lifetimes of
few ten nanoseconds [46]. The NV~ can be ionized to its neutral charge state NV° by a two
photon absorption process which first brings the center into its excited state (*E(~)) and second,
excites the electron into the conduction band. The electron can then relax to the ground state,
whereas the relaxation energy can ionize the complex to its NV charge state via an Auger-
process. In the reverse process of switching from the neutral to the negative charge state (NV°
— NV™), the NV is excited (*E(?)) by absorbing a first photon. Then, an electron from the
valence band can be excited by a second photon the ground ground state (*A(“")). Thereby, a
hole is left in the valence band, which can diffuse. The cycling between both charge states is in-
evitable under continuous excitation [47, 48, 49]. As the charge state switching can only occur
starting from the excited state, a continuous fluorescence emission can only be achieved with
an excitation capable to excite both charge states. This can be realized by a single excitation
laser at a wavelength within the interval where the absorption spectra of both charge states
coincide (about 450 — 575 nm). This scheme is applied within this work by using an excitation
laser at a wavelength of 532 nm. Alternatively, two lasers can be used, one to excite the neu-
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Figure 3.2.: Room-temperature spectra of two NV-centers, each hosted in a diamond
nanocrystal. The blue spectrum shows emission dominated by the neutral
charge state (NV") and the green spectrum indicates a major emission from
the negative charge state (NV™). At a wavelength of 637 nm, the zero phonon
transition of the negative charge state shows a prominent peak. However, the
zero phonon line (575 nm) of the neutral charge state is hard to distinguish
from the noise. These two spectra are exemplary, as the most NV-centers show
a mixture of both with variable pronounced features.

tral charge state NVY (wavelength: 400 — 575nm) and one exciting the negative charge state
NV~ (wavelength 450 — 637 nm) [48, 49]. Statistically, the center can undergo more emission
cycles in one of the two charge states before the switching occurs and therefore the amount of
emission of the two charge state can be very different (two examples are shown in figure B.9).

The simple two-level scheme can be expanded by a third state ({A), often called shelving
level, which is coupled non-radiatively (figure B.1 b)). This shelving level has a lifetime about
an order of magnitude longer than the excited state [40]. The transition from this shelving state
to the ground state is again non-radiatively. Even though the branching ratio is low, indications
of such a level can be found in the second order correlation function of the emitted photons
(40, 50]. This shelving level is included in the model of the second order correlation function
(#.1) used in chapter | to prove the coupling of the single emitter to the tapered optical fiber.
Due to such non-radiative decay channels, the correspondence of the excited state lifetime 7ot
to the maximum (saturated) photonic emission rate Iy, is lifted. Here, the quantum efficiency
can be introduced as the ratio of the total decay rate 1/7yot = I'sat + 'y (the sum of radiative
and non-radiative decay rates) to the photonic decay rateﬁ: QE = 7ot sat-

The saturation of the photon emission rate I" with excitation power P can simply be modeled

*The photonic decay rate is often referred to as the radiative decay rate expressing the disambiguation of radiative
and non-radiative decay such as excitation of vibrational modes. However, to avoid confusion with the photon
emission rates into guided I'y, and radiative free space I'gee modes the total rate of emitted photons will be
denoted as I'1q and the saturated emission rate I'syy = limp_, o T'rad-

39



with a saturation excitation power Ps,r and a saturation emission rate I'gyy = limp_, o '1ag:

P
[ —
satP + Psat

In the experimental part, this model will be used to determine the saturation power sat from
an excitation power series.

The nitrogen vacancy-complex features strong vibrational modes which include the three
nearest neighboring carbon atoms [51]. The lifetimes of these vibrational levels are on the scale
of picoseconds resulting in an energetic broadening of the transitions. The resulting emission
spectrum of such a NV-center features a zero phonon line combined and a broad continuous
vibronic sideband of overlapping vibrational levels, which is highly dominant at ambient tem-
peratures. This forms the typical spectral emission pattern which allows to identify NV-centers.
The absorption spectrum is of similar structure: Due to the similarity of the vibronic ground
and excited state and the Franck-Condon principle, absorption and emission spectrum can be
approximated as one being mirror symmetric to the other with respect to the zero-phonon line
(52, b3]. This vibronic absorption sideband allows, therefore, for far off-resonant excitation
with standard lasers. Both charge states show similar vibronic modes and therefore show very
similar absorption and emission spectra, but shifted in energy.

The NV-center has a fixed symmetry axis connecting the nitrogen atom and the vacancy.
Within the diamond crystal, this axis can be oriented along one of four orientations. The
absorption and emission dipoles are perpendicular to the symmetry axis. Therefore, it is con-
venient to model this system as two perpendicularly oriented dipoles. In the experimental part
i, logging the emission rate while rotating the polarization of the excitation will be used to
determine the angle between of the dipole plane and the image plane.

I'(P) = (3.1)

3.2. Fluorescing Nanodiamonds

An interesting feature of the NV-center is, that this complex can be stable and fluorescent in
diamond nanocrystals of a few tens of nanometers and even down to 5 nm [54]. Thereby, the
quantum emitter is securely embedded inside a solid state crystal matrix, but can be moved
mechanically and brought very close to any photonic structure. Such fluorescent diamond
nanocrystals can be created by milling of larger diamond particles from a high pressure, high-
temperature (HPHT) process [55], or by detonation [56]. Such diamond nanocrystals are pro-
duced on a commercial scale as polishing suspensions [57, 58]. However, in this context the
content of nitrogen and NV-centers is irrelevant for polishing process and therefore mostly
unknown. For the usage as hosts for defect centers, such diamond nanoparticles can be irra-
diated with electrons or ions and annealed to achieve the desired concentration of NV-centers
[565]. Recently, efforts are made to commercialize the production of fluorescing nanodiamonds
with a defined NV-center concentration, suitable for quantum optical experiments [59]. The
diamond nanocrystals used in this experiment stem from an untreated polishing suspension
sold by Microdiamant [57] (mean diameter about 16 nm [60]), showing a reasonable amount
of diamond nanocrystals hosting single NV-centers (about 1% [60]).

NV-centers in diamond nanocrystals maintain most of their bulk-properties, however, some
of them show blinking and photo-bleaching. These effects are well known in the literature
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(61, 62] and attributed to surface defects and modifications [63, 64]. With systematic precharac-
terization, stable single NV-centers hosted in nanodiamonds can be located easily. The prechar-
acterization, as well as the AFM-based nanomanipulation technique used to place the diamond
nanocrystal deterministically are presented in section H.

In the discussion of the coupling of a dipole to a waveguide structure (chapter .1, it has
been found that the surrounding of an emitter can have a strong impact on its radiative lifetime
[B]- In this context, also a modification of the lifetime of an emitter situated in a nanocrystal
instead of a bulk crystal environment can be expected. A lifetime modification is caused by the
glass substrate, on which the diamond nanocrystals are placed on during their experimental
characterization.

In the limit of a large nanocrystal size (A < r) the emission rate of a dipole in the nanocrystal
I'yp approaches the value found for the bulk I'yyy. Particles with sizes on the order of the
emitted wavelength pose an intermediate regime. Mie-resonances in the particle can either
suppress or enhance the emission rate to a great amount. This effect highly depends on the
position of the emitter inside the particle as well as on the exact size and the detailed shape (as
discussed for europium ions in polystyrene colloids in [65]). If the size of the nanocrystals is
smaller than the wavelength (A > r) these resonances vanish and the limit of an infinitesimal
small particle (Rayleigh limit) is a valid approximation. As the diamond nanocrystals, which
are used in this thesis, have diameters far below the emission wavelength of the incorporated
NV center, this Rayleigh regime has to be considered. The emission rate of the emitter inside
of the nanoparticle I'y, can be related either to the bulk emission rate I'py or the vacuum
emission rate I'y,c = Iy /7. In a general form, their relation can be expressed as [66]:

an =nP lq(n) Thuk (3.2)

The nanoparticle has the refractive index n and [9(n) governs local electric field corrections.
These corrections and therefore the function /(n) and the exponents p and ¢ are subject of
ongoing debate in the literature. Several solutions have been proposed which are derived from
different models [67]. But, it has been also pointed out that each model could be confirmed
experimentally.

Beveratos et al. argue, that a diamond nanocrystal has the same dielectric properties as
diamond-bulk and, therefore, the local field corrections [ do not influence the NV-center [68].
Additionally, they found the model (B.3) representing their measured data well with p = 1. Ac-
cording to this argument, the lifetime of the optical transitions of NV-centers in nanodiamond
is only modified linearly by the refractive index change from the absence of the bulk crystal. In
the experiment the diamond nanocrystals are usually placed on a fused silica substrate. Here,
a simple mean model can be used to calculate the expected radiative lifetime change Tup / Tirees
introduced by the dielectric half-space [68, 69]:

Tsub 2
Tfree Neup + 1

(3.3)

This value is about 81% for a glass substrate with ng,, = 1.46. Including the simple model of
negligible field corrections [ but correction for the glass substrate, a mean lifetime of 22 ns is
calculated, which could be verified experimentally [68]. As expected by the model, a depen-
dency on the crystal size has not been found. However, the influence of the substrate might
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vary with the orientation of the dipoles with respect to the substrate. This can be an explana-
tion of the variance in lifetime of +4 ns which has been reported [68]. The quantification of the
lifetime is not part of this work, however, six single NV-centers hosted by nanocrystals of the
same solution as used in the following experiment have been analyzed with pulsed resonant
excitation on a fused silica substrate. This pulsed excitation lifetime measurement revealed a
mean lifetime of 25 ns with a standard deviation of 9 ns consistent with the literature [68].
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4. Coupling a Single NV-center to a
Tapered Optical Fiber

The theoretical analysis in section R.J predicts the possibility of efficient coupling of a quan-
tum emitter to a nanofiber. It has been found that the strong confinement of the optical mode
of a nanofiber results in a strong evanescent field surrounding the fiber. A two-level system
placed inside this evanescent field can experience efficient coupling to the guided mode. Due
to this coupling, a fraction of its radiative emission is coupled directly to the guided mode of
the nanofiber (see section R.3). In this chapter, the experimental implementation and charac-
terization of such a coupled system will be demonstrated. The nanofiber is realized by the waist
of a tapered optical fiber (TOF) (see Fig. [4.1) the evanescent coupling to a quantum emitter is
increased by the field enhancement of a confined mode in the nanofiber. To benefit from the
enhanced field the single nitrogen-vacancy center, hosted in a diamond nanocrystal, is placed
on the surface of the TOF. Major aspects of this chapter are published in [70].

Until now, evanescent coupling of fluorescence photons to a single guided mode of a TOF has
been achieved for various solid state quantum emitters [71, 72, 73, 74], molecules [75], and laser-
cooled atomic vapors [76]. To bring these emitters into the strong evanescent optical field at the
surface of the nanofiber several, non-deterministic deposition techniques like dip-coating [71,
72], picoliter-dispensers [[73, 74], and optical surface traps [77] have been applied. However,
for real applications in quantum information science, for instance the photonic quantum-bus
mediated coupling of NV-centers in a lattice [78], deterministic positioning of single solid state
quantum emitters onto the submicron waist of a TOF with nm position control is required.

After an introduction to the assembly procedure of the system based on a pick and place
procedure of the diamond nanocrystal, the coupling is verified. Then, the experimental result
of the coupling efficiency [ is determined and compared with the value obtained from the
simulation.

cladding (125pm)

transition region

fiber waist ¢ 260nm
T, P }
<o core
A:;é l‘l\rcu

Figure 4.1.: Schematic of evanescent coupling of single photons emitted by a single nitro-
gen vacancy center (hosted in a diamond nanocrystal) to a single guided mode
of a tapered optical fiber (TOF). Mode profiles are sketched in red in order to
illustrate the mode conversion in the transition region. (Not to scale)
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Figure 4.2.: a) Designed radius of the TOF as function of the propagation length z. This de-
sign was developed by Ariane Stiebeiner [34]. b) Measured transmission spec-
trum of a TOF, which has been produced in exactly the same way as the one
used in the experiment. The transmission spectrum has been recorded imme-
diately after the fabrication process. After several months in a transport case,
a reduced transmission has been found, showing a spectral M-characteristic
[80], which is consistent with the model of Rayleigh scattering at dust particles
attached to the tapered region.

4.1. Tapered Optical Fiber

The tapered optical fiber (illustration in figure }.1), is a standard optical single-mode fiber which
has been drawn down to a waist diameter of 260 nm with a fiber-pulling-rig [79, 20]. The thick-
ness profile of the transition region (see figure f.1) is designed to provide high transmission
for the broad wavelength range of the NV-centers emission. The design of the transition is
sophisticated, as it is connecting a strongly confining single-mode cylindrical waveguide with
a large refractive index contrast, to a standard single-mode fiber. The single-mode fiber is
single-mode regarding its core, but the cladding itself is also a high-order multi-mode waveg-
uide. These cladding modes are usually unwanted and regarded as loss-modes. Therefore, in
the transition region of the tapered fiber system the goal is to couple the single-mode of the
nanofiber exclusively to the fundamental mode of the single-mode fiber. This can be achieved
by using the adiabatic theorem, stating roughly that, for an axial symmetric transition, the
fundamental mode of one waveguide is coupled exclusively to the fundamental mode of the
other waveguide, if the transition is smooth enough (see section p.2.3). Due to this adiabatic
theorem, but also caused by the fabrication process, TOFs always have a certain length (several
millimeters). A detailed description of the design parameters, the fabrication and characteri-
zation can be found in [34]. The TOFs used in this experiment show an initial transmission of
more than 94% for wavelengths ranging from 600 nm to about 1 um. The measured transmis-
sion spectrum of a TOF, which has been produced in exactly the same way as the one used in
the experiment, is shown in figure §.4 b).
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Figure 4.3.: Schematic diagram of the sample stage of the experimental setup. An in-
verted optical confocal scanning microscope (objective depicted at the bottom)
is used to analyze the fluorescence properties of individual diamond nanocrys-
tals. From the top, an atomic force microscope (AFM) is employed for in-situ
nano-manipulation of individual crystals. This configuration allows the posi-
tioning of a diamond nanocrystal in the apex of the tapered optical nanofiber
(TOF). At the same time, the confocal microscope can be used to monitor the
nanomanipulation procedure. More details about the experimental setups are
presented in appendix [B.

4.2. Hybrid Microscope

The setup (a schematic of the sample stage is presented in figure t.3) is designed to cover the
whole experimental procedure: locating and characterizing individual NV-center candidates,
assembling the coupled TOF-nanodiamond system, and investigating its properties. The op-
tical characterization of the NV-centers is conducted with a confocal optical scanning micro-
scope. This optical microscope is combined with an atomic force microscope (AFM) to allow
in-situ nanomanipulation of the fluorescing diamond nanocrystals. The combination of both
devices allows to monitor the assembly of the coupled system of TOF and nanodiamond. After
a successful composition, its characterization can be performed within the same experimental
setup.

The confocal microscope (detailed sketch can be found in appendix [B) is constructed to lo-
cate and characterize single nitrogen-vacancy centers based on their fluorescence signal. The
NV-centers are excited to their phononic absorption sideband using a continuous-wave laser at
a wavelength of 532 nm. This excitation light is focused onto the diamond nanocrystals with a
microscope objective (NA=0.75). The same objective also collects the fluorescence signal from
the sample, which is then separated from the excitation light with a dichroic mirror. In the
confocal path, a voice-coil scanning mirror is used to vary the deflection angle of the confocal
path computer-controlled. This variation of the deflection angle is translated by a 4f-telescope
into a displacement of the focal spot of the objective within the image plane. The fluorescence
light transmitted by a dichroic mirror is focused into a single mode fiber. This fiber, thus, acts
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as a spatial mode filter which not only increases the signal to noise ratio, but also allows easy
switching of the analysis apparatus. For example, an avalanche photodiode (APD) can be con-
nected to count collected fluorescence photons, allowing to record fluorescence intensity maps.
Analyzing such maps, fluorescing particles like diamond nanocrystals hosting NV-centers can
be localized for further investigations. Instead of the avalanche photodiode, a spectrometer
can also be attached to the fiber output of the confocal microscope. This spectrometer can
help to distinguish NV-centers from other fluorescing objects. Another analysis device applied
here is the Hanbury-Brown and Twiss-interferometer [40], which can be used to determine the
second-order correlation functionf| of the collected fluorescence photons. If the fluorescence
is generated mainly by a single quantum emitter, this is indicated by a clear anti-bunching
dip in this second-order correlation function. With these analysis devices and methods, single
NV-centers suitable for the experiment can be identified and characterized.

The hybrid microscope is formed by combining this confocal microscope with an atomic
force microscope (AFM). This AFM (details in the appendix, section B and [81] ) is placed on
top of the confocal microscope with the AFM-tip facing the microscope objective (sketched in
figure [.3). With this arrangement the AFM can be operated while the confocal microscope still
has full optical access. As both, the AFM and the confocal microscope can be used simultane-
ously, the repetition cycle can be short and the nanomanipulation process can be monitored
in-situ.

4.3. Assembly of the Coupled System

The on-demand highly accurate picking and placing of single diamond nanocrystals is achieved
using a recently introduced nanomanipulation technique [82]. With the hybrid microscope the
topography (see Fig. t.4, b) and the respective optical response (see Fig. .4, c) of NV-centers
in diamond nanocrystals are monitored before, during, and after assembly (see Fig. .4, from
left to right).

First, the diamond nanocrystals are distributed on a glass substrate by spin-casting the sus-
pension of nanocrystals in ethanol. Second, diamond nanocrystals hosting single NV-centers
are identified by observing photon anti-bunching [40] of the emitted fluorescence light. A con-
focally preselected diamond nanocrystal is identified in an AFM-topology map of the substrates
surface. Then, the AFM tip is being flattened by pressing it onto the substrate. This enlarges the
surface of the tip and, thus, increases the pick-up probability. Now the selected nanodiamond
is picked up by pushing the AFM-tip several times onto the diamond. A successful pick-up
process is indicated by a drop in the fluorescence signal to background-level at the diamond’s
position (shown in figure [£.5). By placing the tapered optical fiber (TOF) on a clean substrate,
the nanocrystal can be placed onto the nanofiber waist by pushing the AFM-tip onto the fiber.
Finally, the TOF is detached from the fused silica substrate and the assembled system can be

! In the auto-correlation measurement, differences 7 of the detection times of photon pair events are recorded by a
time-to-digital converter used as a correlation instrument with 77 ps time resolution and stored in a histogram
with a time bin width of ¢, = 0.924ns. To obtain g<2) (7) from this delay time histogram, the number of
entries in each time bin is normalized by its average value for long detection time differences 7 = 0.7... 1.1 ps.
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Figure 4.4.: (a) Schematics of the deterministic positioning of single fluorescing diamond
nanocrystals onto the apex of an optical nanofiber. (b) Topography and (c)
optical scan before pick-up, after pick-up, and after placing the nanocrystal
onto the optical fiber (from left to right).

examined.

4.4. Experimental Determination and Investigation
of the Coupling

For all optical investigations, the NV-center on the nanofiber is excited through the confocal
microscope with a continuous wave laser at a wavelength of 532 nm (perpendicular to the
TOF). NV-fluorescence is collected in both ways, confocally with the microscope objective and
via the tapered optical fiber.

The coupling of the single NV-center to the guided mode of the TOF can be verified by
means of the photon statistics of the fluorescence light. The fluorescence signal is analyzed
via its second-order correlation function ¢(? (1), measured in a Hanbury-Brown-Twiss (HBT)
configuration. ThisHBT-interferometer can be realized in two different ways (see figure ft.6): (i)
In the standard-setting as used for the identification of single NV-centers in the precharacteri-
zation procedure, two single-photon detectors (APD) on either exit port of a bulk beamsplitter
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Figure 4.5.: Fluorescence time-trace during the pick-up of a fluorescing diamond nanocrys-
tal. Initially, the fluorescence signal is at the level of the diamond nanocrystal.
At 4 s, the AFM-tip is approaching the diamond nanocrystal which results in an
additional fluorescence signal from the gold-coated tip. After removing the tip
(6's), a successful pick-up of the diamond nanocrystal is immediately indicated
by a drop in the fluorescence signal to the background signal level.

at the output of the confocal microscope [40] can obtain the photon auto-correlation of the free
space emission. (ii) The two APDs can be positioned at the outputs of the TOF. In this scheme,
the fiber acts as an intrinsic beamsplitter, given that guided photons have equal probability to
be detected in one of both directions. Once photon anti-bunching of the guided light is ob-
served, it verifies the coupling of single photons to the guided mode of the TOF.

To further analyze the evanescent coupling of fluorescence light emitted by a single NV-
center to the guided mode of the TOF and to obtain more information about uncorrelated
background, 9(2)(7') is obtained for different excitation powers P, ranging from 0.5 mW to
10mW (see Fig. |7, b). For comparison, the second-order correlation function is recorded
simultaneously at the fiber outputs as well as via confocal collection (see Fig. .7, a). Both sets
of measured ¢(? (1) functions are then fitted using a modified three-level model [4, 50]

@ (1) =14 p2lee -5

g\ (t) =1+pilce 7 —(1+c)e 7], (4.1)
which neglects intensity dependent deshelving of the meta-stable state. The parameter pr repre-
sents the probability, that a detected photon event stems from a single NV-center. 7, describes
the pump-power dependent slope of the anti-bunching dip, 7, governs the decay of ¢ (1) > 1
for intermediate detection time differences, while ¢ determines its amplitude. To directly quan-
tify the influence of background on the quality of the non-classical single-photon source, the
fitted value of the second-order correlation function is plotted for zero detection time differ-
ence, i. e. ¢ (0) = 1 — p? (see Fig. .8, a). For low excitation powers, g(?) (0) is determined by
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TDC (free)

Figure 4.6.: Illustration of the two different implementations of a Hanbury-Brown-Twiss
interferometer which are used to verify the coupling. (i) In the standard scheme
the two APDs are positioned at the two outputs of a non-polarizing beamsplit-
ter (BS). (ii) As the photons emitted into the fiber are equally probable to travel
to one or to the other fiber output, this emitter-fiber-system acts as an intrin-
sic beamsplitter. Therefore, one APD can be placed on one end of the fiber,
while the other APD can be placed on the other fiber output. In both cases, a
time-to-digital converter (TDC) is used to associate a detection time with each
APD-click. From those detection times, a histogram of the detection time dif-
ferences of the photons can be generated. This histogram corresponds to the
second-order correlation function ¢(? (7) when normalized for long detection
time differences.

the dark count rates of the APDs and residual background fluorescence. Increasing the exci-
tation power P, the influence of the dark count rate and the residual background fluorescence
decreases in confocal collection, leading to almost perfect anti-bunching. In fiber-based col-
lection, an excitation power dependent increase of ¢(?)(0) from 0.26 to 0.67 is observed. This
points to additional uncorrelated photons that are mainly attributed to intrinsic fluorescence
of the fiber core, generated by Rayleigh-scattered excitation laser light that is coupled into the
nanofiber.

As a next step, the nanofiber coupling efficiency 5 = I'yg/(I'wg + Iree) can be evaluated,
which is defined as the ratio of the radiative decay-rate into the nanofiber I'y to the total
radiative decay rate I'rn¢ = I'wg + I'free. The measurements performed on this assembled
structure can be used in combination with numerical FDTD-simulations to predict and measure
the coupling efficiency (. The theoretical value for § for such a system has been derived for
three main dipole axis relative to the fiber (section R.3). However, the nanocrystal placed on
the fiber is oriented arbitrarily and so are the two emitting dipoles of the NV-center. Therefore,
the orientation of the dipoles has to be determined experimentally before expected coupling
can be stated.

For an NV-center (see chapter ) hosted in a diamond nanocrystal, the orientation of the two
orthogonal dipoles p; and p2 can be determined via polarization dependent excitation mea-
surements and polarization analysis of the emitted fluorescence light [83]. In this experiments
the linear polarization angle 1 of the excitation laser (A = 532 nm) is varied and the broad-
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Figure 4.7.: Second-order ~ correlation  function ¢ (1) of fluorescence light

emitted by a single NV-center for different excitation powers
P =1(0.5,1.0,1.5,2,3,4,5,6,8,10) mW (from bottom to top), coupled
to an optical nanofiber with a diameter of 260 nm. The NV-center is excited
perpendicular to the optical fiber via a confocal microscope. Fluorescence
photons are collected (a) via the objective of the confocal microscope and (b)
via coupling to the guided mode of the optical nanofiber. The anti-bunching
dip at zero detection time difference 7 = 0 demonstrates the non-classical
character of the fluorescence light as well as the coupling of the NV-center
emission to the optical nanofiber. For better discrimination, the curves are
shifted vertically by increments of 1.5.
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Figure 4.8.: (a) Second-order correlation function g(?) (0) at detection time difference 7 = 0,
(b) detected count rate, and (c) fit-parameter 7 as a function of the excitation
power P. Blue data points stem from confocal collection whereas green data
points from nanofiber collection, respectively.
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Figure 4.9.: (a) Measured confocal count-rate of an NV-center on a nanofiber as function
of the excitation polarization angle ¢ and corresponding fit (excitation power
0.5 mW). (b) Euler angles (6, ¢, v) used to describe the spatial orientation of the
two orthogonal dipoles p; and p2 of the NV-center on the surface of an optical
nanofiber. The projections of p; onto the eigenaxes of the nanofiber (L, ||, p)
((¢, z,7) from p.3 respectively) allows to determine the nanofiber coupling ef-
ficiency.

band NV-fluorescence is detected polarization insensitive. Therefore, the orientation of the NV
symmetry axis can be determined, which is given by the Euler angles ¢ and 6 (see Fig .9, b).
However, the orientation of these dipoles (given by the Euler angle ~) within the plane perpen-
dicular to the NV symmetry axis [83] can not be accessed. However, the knowledge about the
orientation of the NV symmetry axis with respect to the nanofiber is sufficient to perform nu-
merical FDTD simulations providing a lower and upper bound for the predicted and measured
nanofiber coupling efficiency 3.

As a first step towards the determination of the dipole orientation, the count-rate of con-
focally detected photons is measured (emitted by the single NV-center on the nanofiber) as a
function of the excitation polarization angle v (see Figlt.d, a). These measured data are then
fitted with the model of a saturating fluorescence intensity I (adopted from (B.1))):

P¥)

I(Y) = %'7]3(@ o

(4.2)

This model includes the projection of the excitation polarization P () onto the dipoles of the
NV-center. The two free parameters are the saturation power P, and a normalization factor
5. The saturation power Py = 1.17mW is determined by a least square fit of the power-
dependent confocal count rate (blue data points in Fig. j.g, b) with the model 3P /(P + Piy).
The model (#.2) accounts for the saturation of the two coupled dipole transitions at room tem-
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perature [84, 85] and the polarization dependence

P()) = Pysin®* (¢ — ) + cos? (1) — ) cos® 6] (4.3)

of the excitation power for the two dipoles p; and p2 in the weak excitation regime [83]. In
this model, € is the angle between the NV symmetry axis and the optical axis of the confocal
microscope (y-axis ) whereas ¢ is the Euler angle corresponding to a rotation around the y-axis
(see figure 1.9 b)).

The mentioned fit finally yields the Euler angles

0 =(36.3+£3.0° 0= (70.7£0.3)°, (4.4)

which describes the orientation of the NV symmetry axis.

Now, a lower and an upper bound for the expected nanofiber coupling efficiency 3 can be de-
rived. A single, arbitrarily oriented dipole p;(¢, 6, ) of the NV-center can be decomposed with
the help of an Euler transformation [86] into the components p | , p and p, for the nanofiber
eigenbasis {_L, ||, p}. Within this part of the work, this notation is intuitive. However, there
is a direct correspondence to the cylindrical coordinates used in section B.3: L= ¢, [|= 2
and p = r. As known from the calculations in section .3, the coupling efficiency of a dipole
oriented along the respective eigenaxis from FDTD simulations (0.275,0.156 and 0.415 for a
dipole positioned 10 nm above the surface of the nanofiber with a radius of 260 nm and for an
emission wavelength of 666 nm) the nanofiber coupling efficiencies 3; and /32 can be calculated
for the two dipoles p; and pa:

B, = \/(0.275}9171_)2 + (0.156p; )2 + (0.415p; ,)? (4.5)
For an NV-center the nanofiber coupling efficiency [ is then given by

5=ﬂ1;—ﬁ2- (4.6)

By variation of 7 (plotted in figure t.10)), which takes into account the unknown orientation of
the two dipoles in the plane perpendicular to NV symmetry axis, and for fixed angles ¢ = 36.3°
and 6 = 70.7° an upper and lower bound for the expected coupling efficiency is derived to

(31.84 4+ 0.03)% < B < (32.82 + 0.03)%. (4.7)

This value has to be compared with the actual measured coupling efficiency SBpeas, Wwhich
can be determined as follows: First ['g.. is obtained from the fit of the power dependent con-
focal count rate (blue data points in Fig. k.8, b) with the model 5P/(P + Py;). Here, s is
the count rate for excitation power P — oo. This least square fit converges to a saturation
power of Py, = 1.17mW and a free-space saturation count rate of Cfee = 7.70 x 103 s~1. The
corresponding decay rate ['g.. into free-space modes can be determined from Ce. by taking
into account the fraction of photons collected by the microscope objective (effective numerical
aperture NA* = 0.32 £ 0.01), transmission losses from the focal spot to the single photon de-
tectors (APD), and the quantum efficiency = 0.65 of the SPDs. With the help of numerical
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Figure 4.10.: Plot of the theoretical coupling factor 5 as a function of the undetermined
angle 6.

FDTD simulations, a lower and upper bound can be obtained for I'ree of (1.7 £0.1) x 1065~ *
and (1.8 £0.1) x 10°s™1, respectively.

Next, the amount of single photons scattered into the nanofiber per second, i. e. the radiative
decay rate Iy is calculated. To determine the saturation count rate for the nanofiber collection,
the corresponding power dependent count rate (green data points in Fig. .8, b) is fitted with
with the model

I(P) = % P/(P + Pyg) + mP, (4.8)

taking into account an additional linear increase m P of the fiber background fluorescence. For
this fit, Py, is fixed to the value of the first fit (confocal detection and no fiber background flu-
orescence), resulting in a nanofiber saturation count rate of C’;,agt =196 x 103s7 1. A simple
analysis shows that I'\ly = Cyg/(1/Tges), where Tyes = (2.41 £ 0.03)% is the overall trans-
mission of the TOF-system (includes the intrinsic transmission losses of the TOF, transmis-
sion losses due to spectral filters, and coupling losses stemming from the nanofiber into de-
tector fibers) and n = 0.65 is the quantum efficiency of the used APDs. These values lead to
Dy = (1.94 £0.02) x 105571

Apart from the determination of the expected nanofiber coupling efficiency, the performed
FDTD simulations also enable the estimation of the decay rate I'ge. into free-space modes,
an important part for the determination of the measured fiber coupling efficiency. On the
basis of those FDTD-simulations, also the fraction of light scattered by a dipole (aligned par-
allel to one of the eigenaxes (L, ||, p) of the nanofiber) into the effective numerical aperture
(NA* = 0.32 £ 0.01) of the microscope objective (0.0515,0.0705,0.00429) f| is determined.
For an arbitrarily oriented dipole p; the fraction of photons collected by the microscope objec-
tive is then given by

el = \/ (0.0515p; 1)2 + (0.0705p; )2 + (0.00429p; ,)2, (4.9)

?A dipole oriented radially p with respect to the fiber and on the opposite side from the confocal collection optics
is also parallel to the optical axis of the confocal microscope. Even though radiation can be collected via the
microscope objective, the resulting mode cannot be coupled into a single-mode fiber. This would justify to set
the collection efficiency for this dipole orientation to zero. Nevertheless, in the following calculation the value
obtained from the simulation will be used.
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and for an NV-center
coll __ 77(1:011 + 775011
S m—
Again, varying the angle v (plotted in figure ) (for fixed angles ¢ = 36.3° and 8 = 70.7°),

an upper and lower bound for 1°°!! can be derived:

(4.10)

0.040 + 0.002 < n°°! < 0.044 + 0.002 (4.11)

With these values and by taking into account all losses of the confocal microscope, the emission
rate of the NV-center into free-space modesis (1.7£0.1 < T'§* < 1.8+0.1) Mcts/s. Combined
with the total radiative decay rate into the fiber mode Ffﬁé = (194 £ 2)kcets/s, the measured
nanofiber coupling efficiency is limited to

(9.5 0.6)% < Breas < (10.4 £ 0.7)% (4.12)

This value of the measured coupling should be compared to the simulated coupling effi-
ciency of a radiating NV-center (emission wavelength A\ = 666 nm, located 10 nm above the
nanofiber) coupled to a nanofiber with 260 nm diameter. From polarization dependent excita-
tion measurements and numerical FDTD-simulations, a lower and upper bound for 3 has been
estimated as (28.78 4+ 0.03)% and (29.22 + 0.03)%, respectively. Reduction of this value by
few percent can be expected due to the broadband emission spectrum of the NV-center, how-
ever, can not explain the discrepancy to the experimental findings. This contradiction is also
observed by a recent experimental work with a single CdSe/ZnS nanocrystal [71].

As the total decay rate 1 /7o = Fi:fi + Fff;;d, i. e. the sum of the radiative and non-radiative
rate, can be determined from the extrapolation of 71 (P) obtained from the measured second-
order correlation functions for different excitation powers 7ot = limp_,o 71 (P) [40], an esti-
mate for the internal quantum efficiency QE= I'?\7io; of the NV-center can be provided too.
For small excitation powers the fit parameter 71 reaches 7o = (63 & 9)ns (see Fig. kg, c),
resulting in an upper and a lower bound for the quantum efficiency QE of (12.9 + 2.0)% and
(11.8 £+ 1.8)%. This finding is in good agreement with recent QE-measurements from NV-
centers in diamond nanocrystals of different size [87].

In section f§, an excited state life time of the NV-center hosted by a diamond nanocrystal
on a fused silica substrate has been discussed. With pulsed excitation measurements on dia-
mond nanocrystals of the same type, a lifetime of (25 £ 9) ns has been obtained, which is in
agreement with the literature [68]. The theoretical calculations in section [ suggest a reduc-
tion of the lifetime when the crystal is placed on the TOF. However, the measured lifetime of
Tiot = (63 +9) ns is significantly longer than expected. Prior to the pick-up the lifetime of this
NV-center has not been determined, therefore a direct comparison is not possible. However,
a g(?-fit to the autocorrelation function recorded before the pick-up can be compared to the
autocorrelation function recorded after the assembly at equal excitation power relative to the
saturation power. The comparison of the 7|-values on the substrate and on the fiber reveals a
longer 71 of the fiber-coupled system, but also a significant difference of the c-parameter, the
amplitude of the decay of g(*) > 1 (see equation [.1). This parameter is an indication of the
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strength of the non-radiative coupling of the shelving state ' A to the excited state >E [40].
Due to the difference in the c-parameter, the comparison of the two life-times is hardly inter-
pretable. This change in non-radiative coupling is not directly introduced by the change in
the photonic states. However, during the nanomanipulation, the orientation of the nanocrys-
tal with respect to the glass surface has changed, and, as can be seen in figure ft.4 b), graphitic
shells are partially striped off during the pick-up of the crystal. Both changes of the mechanical
local environment of the NV-center which can be the reason for the different c-values.

Concluding, the measured exited state lifetime of 71, = (63 =+ 9) ns is not explained by the
theory. The comparison of the autocorrelation functions before and after assembly could not
lead to conclusions whether this value is caused by the presence of the fiber or is a feature of
this specific diamond nanocrystal.

4.5. Spectral Modification

The quantification of the total coupling § was presented in the previous section. However,
in accordance with the theoretical analysis the coupling of the NV-center to the guided
mode is expected to be broadband with a certain wavelength-dependency. As the NV-center
features a broadband emission spectrum, spectra of the emission into free space and into the
tapered optical fiber can be compared in order to test the predicted wavelength-dependency.

The expected wavelength-dependency is described by the coupling factor 3 as a function of
the wavelength, which can be described as the sum of both dipoles (see equations }t.5 and f.6):

2
500 = 5 S/ Bapi P+ (B-0pi )+ (BrVpig)? @13)
=1

As found in section (see figure R.10), 3, and 3, are decreasing monotonically from around
A = a/0.22 = 591 nm towards longer wavelengths, whereas 3, is nearly constant. Therefore,
B(\) can be expected to decrease towards longer wavelengths for both dipole orientations.
The simulated coupling efficiency can be derived numerically for discrete wavelengths from
numerical FDTD-simulations. Further analysis of 3(\) for the two dipoles as derived in the
previous section shows a nearly linear decrease from 575 nm to 800 nm, which covers the com-
plete NV~ emission spectrum.

In order to test the predicted wavelength-dependency, the spectrum of the NV-center emis-
sion into free space has to be compared to the emission into the guided mode. The free space
emission I is collected via the confocal microscope and guided to the fiber-coupled spec-
trometerf|. The background signal is collected from an adjacent dark spot on the TOF. To record
the spectrum Iy raw of the photons emitted into the TOF, it is connected to the spectrometer via
a free space spectral filtering stage with equal set of filtersf] as used in the confocal microscope.

*The total resolution of the spectrometer is about 0.7 nm [88]. A more detailed discussion of its properties can be
found here [89].

*A long-pass filter at 590 nm in combination with a notch-filter at 532 nm are used to remove the excitation laser
light.
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The background signal is captured at the output of the TOF, while the excitation is focused at
an adjacent dark spot on the TOF. In the previous section uncorrelated background fluores-
cence Iy, e has been found, which is attributed to fiber fluorescence generated by excitation
light coupled into the fiber via the diamond nanocrystal. To analyze this background fluores-
cence, a pure scattering center (dielectric particle without a color center) on the TOF can be
used, as such a center does not generate intrinsic fluorescence but only scatters excitation laser
light into the fiber. This produces the same fiber fluorescence spectrum as the excitation light
scattered by the diamond nanocrystal. Such a pure scattering center can be a non-fluorescent
diamond nanocrystal or other dielectric dust-particle and is indicated by a strong fluorescence
signal Iy e at the output of the TOF, but no signal during confocal detection. While focus-
ing the excitation laser onto this scattering center, the spectrum Iy () of the fluorescence
signal guided by the TOF provides the spectrum of the fiber-fluorescence. Due to the different
scattering cross-sections of the fluorescing diamond nanocrystal and the pure scattering cen-
ter, this fiber-fluorescence signal cannot be simply subtracted from the raw NV-fluorescence
spectrum Iyg raw in the TOF. However, there is a spectral region (600 — 620 nm), where the
fiber-fluorescence signal is strong, while the free space emission spectrum I of the NV-center
shows no signal. This spectral window can be used to scale the level of the fiber-fluorescence
spectrum to fit the spectrum Iy raw (compare figure k.11). This rescaled fiber-fluorescence
spectrum can now be subtracted from the raw data to obtain the pure spectrum Iy, of the
NV-centers emission into the fiber. The integrated intensity of the of the fiber-fluorescence
amounts to 33% of the raw integrated intensity. This value can be cross-checked with the sat-
uration of excitation power series of the signal at the output of the TOF, which has already
been evaluated in the previous section. There, the contribution of fiber-fluorescence to the to-
tal signal at the excitation power P = 10mW is ((3¢ /m)(1 + Pyi/P)~* + 1)~! = 35%. This
compares very well to the value which was calculated based on the measured spectra (33%).
All three spectra are plotted in figure together with the confocally collected free space
emission of the NV-center for comparison.

Figure shows the spectrum of the radiative emission captured via the confocal micro-
scope Ifee and the spectrum of the emission of the NV-center into the nanofiber. The different
collection efficiency of the emission into the nanofiber and into free-space modes makes it
necessary to normalize the two spectra with respect to each other. The comparison of both
spectra clearly indicates decreasing coupling for longer wavelengths, which is in accordance
to the theoretical predictions. This feature is especially dominant around the zero phonon line
(637 nm).

In order to quantitatively compare theory and experiment, the coupling as function of the
wavelength has to be extracted from these two spectra. The overall measured coupling fac-

tor A%, = DI'we/(T'free + I'wg) has been determined from measurements in section k4 to

tot = (104 0.5%). Neglecting variations in the detection efficiencyf| of the APDs for differ-

meas
ent wavelengths, one can assume that the detected rate is proportional to the integral over the

recorded spectrum I = C [ I(A)d\. The proportionality factor C' is equal for the guided

*Both spectra Ig.. and Iz have a very similar distribution, but the center of mass is shifted by about 20 nm around
700 nm. The quantum efficiency of the APDs (Perkin Elmer SPCM-AQ4C) shows a plateau at this wavelength
and variations of less than 2% have to be expected according to the specifications.
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Figure 4.11.: Spectra of the fiber-coupled emission illustrating the correction of Iy raw for
fiber-fluorescence background. Iy aw is the spectrum of the total fluores-
cence signal at the output of the TOF. I 1 is the spectrum recorded while
exciting the second, not intrinsically fluorescing scattering center on the TOF.
This spectrum shows the fluorescence background produced by excitation
light coupled into the fiber. This background is scaled by 1.38 to match Iy raw
around A = 600 nm. Iy = Ly raw — Lwg,bg is then the fluorescence of the NV-
center coupled into the fiber. According to the free space emission spectrum
Ifiee (see figure )of the coupled system, there is no NV-fluorescence signal
around A = 600 nm which justifies this approach. All spectra are recorded at
10mW excitation power and corrected for the spectrometer’s intrinsic back-
ground.
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Figure 4.12.: Spectra of the NV-center captured at equal excitation conditions (10 mW ex-

citation power). One spectrum If.. is collected via the confocal microscope,
showing the emission into free space. The other spectrum I,; shows the NV-
center’s emission coupled into the TOF. I, is corrected for fiber-fluorescence
as shown in figure f.11. The intensity is plotted in arbitrary units, however,
both spectra are normalized relatively to the same total intensity.
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and the free-space emission as it just relates the APDs count rate to the signal output value of
the spectrometer. C' can also be interpreted as the relative normalization condition of the two

spectra with respect to the total measured coupling 3L, :

tot fIfree()\)d)\+ fIWg(A)d)\

O = Bineas [ Tyg(A)dA

(4.14)

With this proportionality factor C' the coupling factor can be calculated from the spectrometer
signal I(\) = I'(\)/C for each wavelength separately:

Ly (N)

Lug(N) + Iree(N) (4.15)

/Bmeas()\) =C

This coupling efficiency, extracted from the measured spectra (shown in figure #.13) can be
compared to the wavelength-dependence of the simulated coupling efficiency 3, presented
in section P.3.4. In order to support this comparison with actual numbers, a linear function
can be fitted to the data in a wavelength interval (627 nm -781 nm), where both spectra show
significantly strong signal. Even though, a linear function is a poor parameterization of the
wavelength-dependency of the measured coupling efficiency, the basic tendency will be re-
flected. The regression of the linear function converges to a slope of -1.12 um™! of the mea-
sured coupling Beas(A). For the same wavelength range, also the predicted 5(\) can be ap-
proximated as linear function yielding a slope of -0.43um~!. In comparison, the sign and
the order of magnitude of the slope are the same in both cases, but the absolute value of the
slope of the measured values is more than twice the expected value. This means that a much
stronger wavelength dependence of the coupling efficiency has been measured than the FDTD-
simulations suggest.

This discrepancy between simulations and measurement might arise from wavelength de-
pendencies in the collection of the free space emission by the confocal microscope. How-
ever, according to the manufacturers specifications, such a strong effect cannot be attributed
to any of its components. The precise distance of the NV-center to the nanofiber is not known,
however, with certainty it is located within the diamond nanocrystal of about 20 nm in hight.
Within this crystal, the NV-center is most likely located close to the center, therefore, the as-
sumption of 10 nm distance to the nanofiber surface is reasonable. Nevertheless, the distance
of the NV-center to the fiber within the 20 nm crystal changes the emission enhancement fac-
tor « about less than 5% and the variation in the coupling efficiency [ is on the same order of
magnitude. Based on FDTD-simulations, the influence of a dielectric sphere representing the
diamond nanocrystal on the coupling factor could me analyzed. Its influence has been found
to be below 10%. Neither the uncertainty in the distance, nor the presence of the diamond
nanocrystal can explain the deviation of theory and experiment. Another explanation worth
consideration is that the spectral transmission of the nanofiber is modified by Rayleigh scatter-
ing at dust particles. Though, a stronger reduction of the transmission would be expected for
shorter wavelengths which would result in the opposite effect as found here. In the same way,
an over-estimation of the fiber-fluorescence would have lead to an even stronger discrepancy
between theory and experiments and an under-estimated fiber-fluorescence would have lead
to negative values in the fiber-coupled NV-spectrum, which can be dismissed as unphysical. In
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Figure 4.13.: Plot of the wavelength-dependence of the coupling factor 8. The plot shows
the coupling factors extracted from FDTD-Simulations as well as those de-
rived from the comparison of the emission spectra into the waveguide and
emitted into free space. Both dependencies are approximated by a linear func-
tion (plotted as lines) in order to allow a comparison of the mean slope. The
data extracted from the simulations shows a slope of -0.43 um~! whereas the
measured data features a slope of about -1.12um™!.
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any case, it seems likely that the discrepancy found has the same origin as the effects which
prevents the measured coupling to be closer to the expected strength.

4.6. Summary

The experimental demonstration of the evanescent coupling of a single quantum emitter to a
guided waveguide mode is performed with a NV-center which has been coupled to a tapered
optical fiber (TOF). The nanofiber waist of a TOF has been optimized for efficient evanescent
coupling to single nitrogen vacancy-centers. A highly accurate positioning of a preselected
diamond nanocrystals has been used to assemble a system of a tapered optical fiber (TOF)
and fluorescing diamond nanocrystal hosting a single NV-center. The nanocrystal was placed
on the apex of the nanofiber waist of the TOF. From this system, the single photon emission
of the NV-center was identified at the output of the TOF, verifying the evanescent coupling
of the NV-center to the guided mode. At saturation power, 88% of the detected fluorescence
signal at the TOF output stems from the NV-center. The residual uncorrelated background
showed a linear increase with the excitation power. This background is attributed to fiber-
fluorescence generated by excitation laser light coupled into the TOF by Rayleigh-scattering
at the diamond nanocrystal. This scattering is inevitable for every quantum emitter hosted in
dielectric nanoparticles. The generation of such fiber-fluorescence from the excitation laser is
common feature of standard optical fibers.

From the power-dependent autocorrelation function, the excited lifetime has been deter-
mined to (63 £ 9) ns. This value is about a factor of three larger than usually found for NV-
centers hosted in diamond nanocrystals (around (22 + 4) ns [68]). The unanticipated long
lifetime found in the experiment can be caused by the presence of the nanofiber, however,
from the theoretical calculations (section P.3.9) a reduction, rather than an extension of the
lifetime is expected.

The total evanescent coupling of the NV-centers emission to the TOF has been quantified to
(10 £ 5)%, which is about one third of the expected value at a wavelength of 666 nm. Similar
results have been found with a single CdSe/ZnS nanocrystal and a diamond nanobeam, each
coupled to a tapered optical fiber [[71, 90]. A detailed analysis of the spectral dependence could
be done based on the comparison of the free-space and fiber-coupled spectra of the broad NV-
emission. Here, theory and experiment share the tendency, but the experiment shows a much
stronger wavelength dependency.
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5. Design and Fabrication of
On-Chip Strip Waveguides

The evanescent coupling of a quantum emitter to a single waveguide mode (see chapter P.1) has
great potential in the field of integrated optics. Such integrated optical devices provide a highly
attractive platform for applications in quantum information science as well as in the field of
sensing, where photons can be used to mediate interactions between two separated quantum
systems or to transfer information about the state of a single quantum system to a detector. In
this context, a most basic device is a photon emitter and a detector which are connected by an
optical mode of a light guiding structure. Additionally, there is the possibility to add different
stages of interaction with other systems to add functionality. This part of this work is driven by
the idea of implementing an on-chip platform which uses dielectric waveguides to build a basis
for a huge variety of integrated optical devices. The requirements on such a photonic platform
can be separated into three problems. First, the quantum system (or quantum emitter) has to be
optically coupled to a waveguide. Second, the waveguide is expected to transport the photons
with low loss and strong mode confinement (to reduce crosstalk with neighboring waveguides).
Third, the system is required to be able to couple the photons to another quantum system,
another device or the macroscopic world, for instance an external photo detector. Usually, the
three aspects pose different, partly even contradictory requirements on a system.

In this chapter the design, fabrication, and characterization of a single-mode waveguide is
presented addressing all three problems by featuring broadband efficient evanescent coupling
to fluorescent quantum emitters combined with low-loss guidance and efficient off-chip cou-
pling to single-mode optical fibers.

5.1. The Design of the Rectangular Cross-Section
Waveguides

The waveguides in the on-chip design have a rectangular cross section geometry with finite
extensions in x and y. Such a rectangular shape has two advantages. First, the cross-section is
the natural result of a top-down lithographic fabrication process as it is common for on-chip
devices. Second, two independent size parameters a, and a, provide more freedom for the
design e.g. compared to the cylindrical nanofiber. A rectangular waveguide features hybrids of
TE- and TM-modes. In the case of a non-quadratic waveguide, the modes with electrical polar-
ization along y and x are not degenerate, meaning they show individual extensions, profiles,
and propagation constants. For a waveguide with high aspect ratio (a,/a, < 1), these two
polarizations are often referred to as quasi TE and quasi TM modes, as the geometry and the
resulting modes are closely related to those of a one-dimensional slab waveguide (see chapter
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Figure 5.1.: a) Schematic view of a waveguide on a glass substrate with inverted taper and a
butt-coupled single-mode fiber on the left. On the right a microscope objective
is illustrated, used in combination with the butt-coupled fiber in the charac-
terization of the waveguides. A quantum emitter coupled to the waveguide is
indicated by a red sphere in the center.

k2.

The complete analysis of these hybrid modes in such 2-dimensional confined rectangular
waveguides cannot be done analytically. However, there are methods widely used in the liter-
ature to approximate mode profiles and propagation constants like the effective index method
or the Marcatili’s method [91]. Those methods are able to predict roughly the basic shape of
the modes and approximate the effective refractive index n.g. However, they do not provide
details on the actual mode structure. In order to evaluate the coupling parameters later on,
knowledge of the precise local electric field strength is essential. Therefore a more precise
method for the mode calculation is necessary. Here, it comes in handy that todays computers
allow for fast numeric mode-solving of complicated structures with high spacial and temporal
resolution. As those simulated modes approximate the real modes well, this technique is also
very useful to visualize and discuss the modal properties and features. Similar to the determi-
nation of the coupling constants for the cylindrical waveguide in section [, the knowledge of
those mode profiles and properties makes it possible to predict the coupling parameters with
a dipole emitter.

The rectangularly shaped waveguides presented here are intended to transfer the evanescent
coupling principle, shown for the NV-centers with a nanofiber (chapter }§) to an integrated on-
chip waveguide (see figure b.1). This integrated waveguide is designed to provide a versatile
platform for on-chip optics. The geometric design is optimized for coupling to NV-center (see
chapter B), but can be easily rescaled to provide efficient evanescent optical coupling to various
kinds of solid state quantum emitters like quantum dots or other defect centers in nanocrystals.
For the waveguide core, the high refractive index dielectric material Ta;Os (n2 = 2.1) has been
chosen, whereas the lower cladding is made of fused silica (n; = 1.46). Both materials show
a low autofluorescence [92], an important property for sensitive experiments on the single
emitter level.
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Figure 5.2.: a) Illustration of an rectangular waveguide of height 100 nm and width 700 nm.
Such a structure is also known as buried channel waveguide or embedded strip
waveguide. b) Two-dimensional color-coded plot of the electric field intensity
of the quasi-TE fundamental guided mode of the waveguide at a wavelength
of 650 nm. The mode profile of a central cut (z = 0) parallel to the y-axis is
plotted above the color map and the central profile y = 0 parallel to the x(-axis
is plotted on the left of the color map. c) The quasi TM mode is plotted in the
same way as in b). The refractive indices are chosen in accordance to a Ta;Os-
core (ng = 2.1) surrounded by fused silica (n; = 1.46). This structure supports
a second higher order quasi-TE mode, which is not shown here.
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5.1.1. Mode Profiles and Design of the Waveguides

The discussion of the mode profiles will start with basic aspects of a rectangular waveguide
embedded in uniform cladding such as illustrated in figure 5.2 a). In a next step, a waveguide
will be considered which is not covered by a dielectric but placed on a dielectric substrate. This
section finishes with considerations about the waveguide design.

Due to the high aspect ratio cross-section the quasi TE and quasi TM modes, properties very
similar to the pure TE and TM modes of the one-dimensional case (section R.4) can be found.
Even with moderate aspect ratios, a fundamental quasi TE and a fundamental quasi TM mode
are supported. Like in the one-dimensional waveguide, those two modes are both fundamental
modes as they do not experience a mode cut-off. The fundamental quasi-TE mode is plotted
for an isotropically embedded single-mode waveguide in figure p.4 b). This predominantly
vertically () polarized quasi TE-mode features an electric field, which is strongest inside the
waveguide with evanescent field at the top/bottom as well as at the sides. The jump in the
electric field £y, due to continuity relations (.24) occurs at the dielectric interfaces at the left
and right side of the waveguide but is less pronounced than for the nanofiber (compare section
R.3). In such an uniform cladding configuration there exists also a mainly vertically polarized
quasi TM-mode (figure 5.4 c)). This mode has the highest intensity in the evanescent field above
and below the waveguide and is less confined. The quasi-TM mode also features a strongf]
longitudinal component £, at the upper and lower surface. As expected, this mode shows
a very distinct discontinuity of the dominating the electric field component F,. There is an
additional second order quasi-TE mode supported by this structure at 650 nm which is not
shown here.

At this point, it has to be considered, that in order to place the emitter (e. g. a fluorescing
diamond nanocrystal) on the waveguide surface, it must be accessible from the top. This can
be realized with an uncovered waveguide on a glass substrate. Such an asymmetric cladding
configuration changes the mode structure and effective indices. The quasi TE mode is slightly
shifted into the substrate, whereas the quasi TM mode does not exist due to the strong asym-
metry. Figure b.3 a) illustrates this geometry and gives an example of the intensity distribution
of the quasi TE-mode 5.3 b). The field components of a TE-mode are shown in figure p.4. At
the central mirror plane (including the x and z axis), E, and E), are zero due to the symmetry
of the mode. So, for an emitter placed along this plane, coupling can only be expected when
the dipole is oriented along the z-direction.

In order to enable efficient coupling of emitter’s fluorescence to the waveguide, the electric
field of the guided mode at the position of the emitter has to be maximized [28] (the theory
for evanescent coupling is presented in section P.1). Therefore, in a first step, the evanescent
electric field (at the core-cladding interface) is maximized by reducing the height of the planar
waveguide, yielding an optimal value of 100 nm. In a second step, the width of the waveguide is
optimized to feature the multi-mode cut-off just at the high energy edge of the NV~’s emission
spectral range (630 nm), which results in a width of 700 nm (compare figure b.5). This is done
using a finite-element method (FEM) based mode solver (Mode Solutions from Lumerical).

! E, has about half the value of E,)
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Figure 5.3.: a) llustration of a waveguide with non-uniform cladding. Such a geometry
with a substrate and a capping is common in experimental realizations. The
necessary condition for a guided mode in the core is then given by ng < n; <
ng. Such a structure is often referred to as strip waveguide, channel waveguide
or photonic wire waveguide. b) Intensity profile of such a waveguide with a
height of 100 nm and a width of 700 nm is plotted for wavelength of 650 nm.
Central cuts through the mode profile at y = 0 and x = 0 are plotted on the
right and below the color map respectively. The refractive indices are n; = 1.46
(fused silica), no = 2.1 (Tay,0s5) and ng = 1 (air or vacuum).

Figure 5.4.: Field components of the horizontally polarized (quasi-TE) fundamental mode
with the same parameters as p.3 (aspect ratio 1:7). The upper figures are Re(E,,),
Re(E,) and Re(2E) with identical scaling. In the lower row Re(H,), Re(H,)
and Re(¢+H ) are plotted with identical scaling, but multiplied by 1000 compared
to the upper row.

67



During this discussion of rectangular waveguides, hybrid modes where found possessing
similar properties as the basic TE and TM modes of a one-dimensional slab waveguide (section
R.J). The design of a strip waveguide with non-uniform cladding is used as a basis to design
the waveguide which is produced for the experiment.

5.1.2. Dipole Coupling to Rectangular Waveguides

After the waveguide geometry is defined, numerical FDTD simulations are performed to es-
timate the expected coupling efficiency of a quantum emitter to the fundamental eigenmode
(see figure 5.3 b)) with the quantum emitter modeled as a linear dipole positioned centered at
the air-core interface.

As discussed in section P.1, the properties of an emitter coupled to a waveguide can be de-
scribed by two parameters, the coupling factor 8 and the emission enhancement factor a.
Rectangular waveguides are only accessible via numeric procedures, therefore, both values
will be derived from simulations. In contrast to section } discussing cylindrical waveguides,
here the dimensions will not been shown in units of the vacuum wavelength A but in absolute
length. This is convenient as this rectangular structure is not defined by a single parameter,
but by two parameters a, and a,. However, for a constant aspect ratio the general scaling
with wavelength is still valid. Due to the fact, that right in the center of the waveguide only
the x-component of the electric field is non-zero, coupling is only to be expected to a dipole
oriented along the z-axis.

Numerical simulations of the mode profile for different wavelengths can be used to determine
the mode dispersion n.g(\). The FEM Eigenmode-Solver [93] directly outputs the dispersion
negr(\) and the group velocity ng(\) which are shown in figure b.5. In this graph the effective
refractive index of the fundamental and first higher order quasi-TE mode are plotted, showing
the clear mode cut-off at a wavelength, where the effective refractive index reaches the index
of the substrate material.

From the simulated mode profile and the group index ng(A), the emission enhancement
factor «(\) can now be calculated. As the eigenmode expansion method [93] provides a dis-
cretized intensity distribution E(z;, ;) of the mode profile, a summation replaces the integral
in the calculation of the emission enhancement factor o (2.10) yielding:

Twe 3 ¢ N EZ (ro)
Lo 8mvgn?(ro) 3, ; e(@,y) EZ (24,y5)

with the electric field E,(r) at the position of the emitter ry. The resulting emission enhance-
ment factor for different wavelengths is plotted in figure 5.7 a). The coupling factor 3 can be
extracted from three-dimensional FDTD-simulations [37] of the structure in the same way as
the simulation for the cylindrical waveguide in section .3.3. As shown in figure b.7 b), the
coupling is almost constant at about 35% for wavelengths from 500 nm to 800 nm. It has to be
pointed out that the coupling factor 3, determined from the simulation, includes all possible
modes in the waveguide. However, as the next higher order mode has a node in the central
plane (see figure b.6), coupling to this mode is not expected for a centered emitter.

As a third parameter, the expected increase in the overall emission rate (I'yg + I'ree ) /Tiso 0f
the quantum emitter can be determined. This factor (see section P.1)) is given by the fraction of

(5.1)
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Figure 5.5.: Dispersion of a rectangular waveguide with a core of 700 nm in width and
100 nm in height and with a refractive index of ny = 2.1. The waveguide is
placed on a glass substrate with a refractive index of ny = 1.46 and covered
by air as sketched in figure p.3. The upper plot shows the effective refractive
index and the lower plot the group index. In both figures, the fundamental
quasi-TE mode (see fig b.q a)) as well as the first higher order quasi-TE mode
(see fig 5.4 b)) are plotted. The first higher order mode experiences a mode cut-
off at a wavelength of 610 nm, where its effective refractive index of the mode
penetrates the index of the substrate material (yellow line). Both graphs are
obtained from eigenmode solving software [93].

field intensity |E|?

400 nm

Figure 5.6.: Simulated mode profile |E|? of the fundamental and the first higher order mode.
The structure is the same as shown in figure 5.3 but with both modes calculated
at a wavelength of 600 nm.
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Figure 5.7.: Plot of the wavelength dependence of the three coupling parameters discussed
in this section. All parameters are determined for a waveguide structure as
shown in b.3 (height of 100nm and width of 700 nm), with a dipole placed
above the waveguide, laterally centered.

the emission enhancement factor o and the coupling factor 3. Its value is plotted as a function
of the wavelength in figure b.7 ) showing a maximum value above 3. This can be interpreted
as a reduction in the excited state lifetime by this factor, due to the increase of the local density
of optical modes (LDOS), for the coupled system.

In this section, the expected coupling of a dipole to the waveguide has been calculated. This
derivation was based on numerically found mode profiles and full three-dimensional FDTD-
simulations. Similar to analytic calculations with a dipole coupled to the nanofiber-section
of a tapered optical fiber (chapter [), a high broadband coupling efficiency (quantified by the
coupling efficiency ) has been found yielding a typical values around 0.35 (figure b.7).

5.2. Mode Conversion with an Inverted Taper

In order to transport the guided photons to other experimental devices, which are not inte-
grated on the chip itself, efficient off-chip coupling to standard single-mode optical fibers is
desired. Such combination of different waveguide types (e.g. single-mode optical fibers and
on-chip waveguides) is useful to benefit from all their advantages. The off-chip coupling to
optical fibers can be done with free-space optics and by direct contact. The so called end-fire
coupling to free-space optics can be efficient, but as free-space optics are usually bulky, it is not
desired in the context of integrated optics. In the literature, high off-chip coupling efficiencies
have been reported with grating-couplers [32], but such systems are known to perform well
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only for a narrow wavelength range. Another well established method for off-chip coupling
is the butt-coupling technique, where two waveguide ends face each other. As the achievable
coupling depends strongly on the mode overlap of the two waveguides, only a few percent of
coupling efficiency can be expected when the strongly confined waveguide mode is coupled to
a weakly confined mode of a standard optical fiber. However, an adiabatic tapering can be used
to modify the mode shape and thereby increase the mode overlap. Mediated by such adiabatic
mode-conversion, not only the butt-coupling efficiency, but also the collection efficiency for
end-fire coupling with free-space optics can be increased by a great amount.

The approach used here is based on butt-coupling, mediated by an inverted in-plane tapering
of the waveguide [94]. This promises high coupling efficiencies over a broad wavelength range.

In this section, first, the figure of merit for the coupling, the overlap of two modes, is intro-
duced and the expected power coupling at a sudden discontinuity in the waveguide is described.
Then, the adiabatic transition is discussed and finally, these findings are used to design a ta-
per to increase the power-coupling between the strip-waveguide and the standard single-mode
fiber.

5.2.1. Overlap Integral and Power-Coupling

In general, different modes can couple to each other if there is a discontinuity in the direction
of propagation. Such a discontinuity might be an error from the fabrication process, a sudden
but intended change in the waveguide geometry or even the end of the waveguide. In any case
there is a set of input-modes F,, and a set of output modes £, (including radiative modes for
a complete discussion). The complete set of input modes F, is a basis for all possible input
photon wave functions and analogous, the complete set of output modes £, is a basis for all
possible output photon wave functions or states. The overall field is a sum of all modes with the
amplitudes a,, and a;,. Analogous to a basis-transformation, the input modes can be expressed
in terms of the output modes [32]:
(a,Ey, E},)

a b, = Z CLLEL with CL‘/u = W (5.2)
P’ e

With this, the power per mode can be expressed as well in terms of the outgoing modes:

(Ev, B,)|?

/ /12 / I\ 2
P, o |a,[Y(E,, E,) = |ay| (El,E)

(5.3)
The coupled power is the ratio of the power in the output modes 1 compared to the power in
the input modes v:

_ B B BN | BB dAP

MR, T (B BB B 1B, PAA (E,[dA

Here, the area A is the cross section at which the modes are calculated at and the asterisk ()
indicates the complex conjugate. The nominator is known as the overlap integral of the two
modes. This is a measure for the similarity of the two modes. The denominator, on the other
hand is a normalization factor [32].
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The overlap integral is dominated by the inner product (E,, E,) of the input and output
modes (v and p). As all modes of a waveguide are orthogonal [32], there is no coupling between
modes in an unperturbed waveguide. Also, in a symmetric transition even modes can couple
only to even modes and odd modes to odd modes. Furthermore, the overlap integral is also
sensitive to the polarization. This property is maintained as well in an unperturbed waveguide,
meaning that a mode, which is polarized in one direction can couple only to modes featuring
the same polarization. The overlap integral is also symmetric in ; and v, therefore, the coupling
is the same in both directions. Additionally, the overall coupling, which is the sum over all ,,,,
is always unity when all possible modes (guided and radiative) are considered and absorption
can be neglected. However, in the actual experiment coupling to non-guided modes is often
regarded as loss. Therefore, the interesting value is the sum over the coupling between the
guided modes. Let the subscript g indicate the subset of modes which are guided, then the
coupling is:

Ng = Z Uom (5.4)

v,p=guided

The actual power coupling of two waveguides is not determined by the pure mode overlap
but, as the propagation constants (or effective refractive indices) of the modes might differ,
also reflections have to be considered. If the two modes coupled to each other show different
effective refractive indices, reflections will reduce the coupled power according to the Fresnel’s
equations [30] to:

2
Neff,y — Meff,
np = (eueu) Ng (5'5)

Neff,v + Neff,

Here, a sudden discontinuity was discussed, but changes in the waveguide geometry can also
occur very slow or even adiabatic.

5.2.2. Adiabatic Taper

If the change in lateral size is very small while passing from one waveguide geometry to an-
other, the initial mode E,, is continuously transformed into a final mode ELH In such an adia-
batic transition, at each point all modes are orthogonal which forbids mutual coupling among
different modes. Therefore, each initial mode is transformed into a single, corresponding final
mode (including radiative modes). E.g. in a symmetric configuration the fundamental mode
of the initial waveguide will be transfered exclusively into the fundamental mode of the final
waveguide. Therefore, during the transition from the initial to the final mode, the coupling
efficiency is intrinsically unity as no power can be lost to other modes.

The condition for an adiabatic transition cannot be determined precisely. For wide one-
dimensional waveguides, the ray-optics picture results in a condition of the tapering angle
0 > \/4Anega [95, 96]. This condition is derived from the requirement of the angle between
the waveguide sidewalls and all possible rays to be smaller than the angle of total internal reflec-
tion. However, for the inverted single-mode taper, this condition would result in an implausible
short taper, which is not adiabatic. In the inverted tapering of strongly confined waveguides,

*This can be seen in direct analogy to the adiabatic theorem known from quantum mechanics [21].
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Figure 5.8.: Illustration of two types of adiabatic tapers. The arrow indicates the transi-
tion from a single strongly confined mode at the bottom to a large and weakly
confined mode at the top. For both waveguides, exemplary TE-mode profiles
(Ey(x)) are added (red) to illustrate the mode transformation due to the taper.
a) An ordinary taper enlarges the waveguide itself, which increases the mode
size. b) An inverted taper reduces the waveguide dimensions, which enlarges
the mode by “squeezing” the mode out of the waveguide.

an intuitive condition is that the change of the waveguides dimensions per wavelength in the
direction of propagation has to be negligible. However, this is no mathematically useful con-
dition, therefore, the tapering angle can simplest be obtained from FDTD-simulations.

Such an adiabatic transition can be used to couple a strongly confined waveguide mode effi-
ciently to a weakly guiding waveguide like an optical fiber. For such purpose, several different
types of tapers can be used, the ordinary taper, the inverted taper and also stacks and combi-
nations (see figure b.).

In ordinary tapers (figure b.§ a)), the size of the waveguide increases along the propagation
direction and therefore, the mode widens. Starting with a single-mode waveguide, at some
point the waveguide can reach the multi-mode regime. However, if the transition is adiabatic,
only the fundamental mode will be occupied. This process is reversible but it has to be noted,
that higher order modes will not be transmitted through to the single-mode waveguide. The
effective refractive index of the widened mode is reaching the core index, which is relevant to
optimize the power-coupling. The mode profile will resemble the shape of the core, which will
show a very high aspect ratio for lateral tapering.

Alternately, when starting from a highly confined waveguide mode, a reduction in waveg-
uide size will also result in an increase of the mode size, as it is squeezed out of the waveguide
(figure [A.d and [A.5 illustrate mode-profiles for different waveguide widths). This inverted ta-
per (figure 5.8 b)) will be single-mode all the way. The effective index of refraction approaches
the value of the cladding. This type of taper allows to create mode sizes much bigger than the
structure itself and its shape becomes circular and is independent of the actual shape of the
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waveguide. The actual mode size is very sensitive to the width at the end of the taper. An
extension of the taper tip is indicated a the top-end of the taper in figure b.§ b), which can be
used in the experimental realization to ensure the correct end-width of the taper. This type of
taper is fully reversible as both ends support the fundamental mode only. The realization of
such an inverted taper structure is presented subsequently in section.

More advanced structures can be built by sequencing or stacking different tapers with dif-
ferent materials. A special and very elegant version of a combined taper is the tapered optical
fiber as discussed in chapter .

5.2.3. Design of the Inverted Taper

In the investigation of the waveguide samples, the on-chip single-mode waveguides with a
highly confined mode have to be coupled to a weakly guided single-mode fiber. Here, an adia-
batic inverted tapering of the waveguide width has been chosen to convert the mode to a size
matching that of the single-mode fiber.

In an adiabatic taper, the mode is everywhere an eigenmode of a waveguide for that specific
geometry. Therefore, once having found the waveguide width which features the mode profile
with the highest mode overlap to a standard optical fiber, the end-width of the taper can be fixed
to that width. A roughly circular symmetric mode shape is needed to achieve good coupling.
Waveguides of size significantly below the wavelength feature such a circular symmetric mode
if the cladding surrounding the waveguide is homogeneous. This situation can be realized by
embedding the waveguide in the substrate material. Therefore, the tapered regions have to
be covered by glass. By simulating the eigenmodes of such thinned waveguides, the width
providing the best mode overlap with a standard optical fiber for the wavelength range from
630 nm to 680 nm has been found to be 110 nm. For this end-width, the theoretical power-
coupling is above -0.7 dB (85%) in the desired spectral region and peaks at about 658 nm with
above -0.45 dB (90%). These values promise a huge improvement of the coupling with the help
of an inverted taper. Compared to this, the butt-coupling efficiency without any modification is
expected to be below 10%. Here, it has to be noted, that the optimum width has a low tolerance(]
to errors, e.g. a deviation of few nanometers can significantly reduce the coupling efficiency
(as shown via an eigenmode solving in [97]).

Another important parameter in the design is the length (steepness) of the inverted taper.
The problem of finding the shortest taper for which it is still adiabatic is addressed by two-
dimensional FDTD-simulations [37] of the tapering plane (y-z plane). These simulations have
been performed for several taper lengths while monitoring the guided and scattered fractions
of the input beam. It has been found that a taper length (starting with a width of 700 nm
down to 110 nm width) of above 40 pm shows no scattering losses in the simulations. For the
experimental realization of the taper, twice the length (about 80 um) has been chosen. The
shape of the taper can be chosen in different ways which can be of further advantage [98],
however, to keep the design simple, the inverted taper for the realized structures is designed
as linear taper.

* For waveguide widths significantly below the wavelength, the decay length of the evanescent field of the one-
dimensional waveguide has been found to scale with the reciprocal waveguide width 1/a (section P.J).
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5.3. Fabrication

For the waveguides and especially the taper structures a fabrication technique is needed, which
allows to produce patterns with feature sizes down to 100 nm. Photolithography, which is
widely used in industry, is capable to produce sizes of a few tens of nanometers [99] in highly
optimized processes. However, without such extensive optimization the achievable structure
sizes are hardly below 1um. Therefore, for this work an alternate lithography method was
chosen, the electron beam lithography (EBL). With a moderate optimization afford, electron
beam lithography allows for structure sizes far below 100 nm [100]. Additionally, as the pattern
were written directly computer-controlled in a CAD-like interface, structures can be modified
easily, resulting in a very short test cycle. The second key technology used to fabricate the
waveguides and inverted tapers is the reactive ion etching (RIE). The nanofabrication of the
waveguide structures proceeds as follows (see figure 5.9) (further details can be found in [{101]).

The sample wafer consists of a synthetic fused silica substrate, coated with a 100 nm thick
layer of Ta,0s in a sputtering process (by asphericon GmbH, Jena, Germany). The sample is
prepared with a variety of cleaning steps including a bath in dimethyl sulfoxide (DMSO) at
90° C and oxygen plasma ashing. For the electron beam lithography (EBL) the sample is first
spin-coated (1s at 800 rpm and 30s at 5000 rpm) with PMMA (950k A4 from Microchem) as a
electro-sensitive resist for the EBL and then soft-baked on a hotplate for 15 min at 170°C. This
results in a PMMA-layer thickness of about 190 nm. Then, the sample is spin-coated (30 s at
2000 rpm) with a conductive polymer (SX AR-PC 5000/90.1, Allresist GmbH), which acts as a
discharge layer during the electron beam exposure. Compared to a standard metal discharge
layer (e. g. chromium), a conductive polymer promises a reduction in sidewall-roughness [[102]
of the structures.

The electron beam lithography (EBL) of the waveguides and inverted tapers is performed
with a Raith e_LiNE with an applied acceleration voltage of 10 kV. The waveguides and the in-
verted tapers are written with an optimal dose of 95 uC/cm?. The writing order of the different
elements and their positioning within the write field]] is essential to ensure minimal stitching
errors (an example for the stitching of two write fields is presented in figure b.9): First one ta-
per is written by deflecting the electron beam while the stage has a fixed position (vector/area
mode). Second, the waveguide is written with a circulating beam while the sample stage moves
with constant velocity (fixed beam moving stage, FBMS). Third, the taper at the end is written,
again with in vector mode. Both tapers-tips are elongated with a single pixel line (see figure
b.10) to ensure the correct end-width of the taper. Immediately after EBL exposure, the con-
ductive polymer is removed with clean nitrogen gas and de-ionized water (LicoJET mini high
pressure cleaner, Lico-Tec GmbH). The PMMA is developed in 3:1 IPA:MIBK with 1.5% MEK
at room temperature for 50 s, followed by a short cleaning-step in IPA. This removes the parts
of the PMMA resist layer, which were exposed prior to the electron beam. Now, the sample is
coated with the hard mask material (8 nm of chromium) using an electron beam evaporator in

*The term “write field” refers to the area the electron beam can access via deflection and without movement of
the sample stage. To minimize stitching errors any movement of the sample stage without writing has to be
avoided. By design, the point where the taper is connected to the waveguide is preferably right in the center
of its write field. This reduces the stitching error as no stage movement is necessary between the patterning of
the taper and the waveguide.
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Figure 5.9.: a) Illustration of the main nanofabrication steps used to structure the planar
strip-waveguides. Scanning electron microscope (SEM) images of b) the in-
verted taper close to its minimum width and c) the transition of the waveguide
to the inverted taper after reactive ion etching.

a high vacuum coating plant. The subsequent liftoff is mediated by preheated DMSO at 90° C
for more than 2 hours. Finally the sample is rinsed with acetone and IPA to remove any resid-
ual contaminants. The hard mask pattern is transfered to the Ta,Os with inductively coupled
plasma reactive ion etching (ICP-RIE) in an Oxford Instruments Plasmalab System 100. SF; is
used as processing gas diluted with Ar (4:1 in volume) at a pressure of 5 mtorr. The ICP-power
was optimized to 70 W with a RF-power of 100 W. With these parameters the 100 nm layer of
Ta,0s5 is removed completely within 1:40 min. Finally, the hard-mask is removed with a liquid
chromium etchant.

For optimal performance of the mode conversion in the adiabatic inverted taper and pro-
tection of the whole waveguide structure, the chip is covered with the same refractive index
as the substrate. Therefore, in a last step, a layer of 3 um of SiO; is sputtered on top of the
waveguides. In order to retain an area, where the waveguides are sensitive to emitters, a small
part of the waveguide is masked during the sputtering process. The sample end facets were
finished with an fiber polishing machine and diamond-covered polishing pads commercially
available (Ultratec Minipol) for standard FC/PC standard fibers. After the polishing process of
the end facets no scratches and distortions were visible in an optical microscope.
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Figure 5.10.: Design of the inverted taper (not to scale). From left to right: Single pixel line
(blue), the electron beam writes a single line. The width of the single pixel line
is defined by the electron dose (current per writing speed) via the designated
area. Both, the SPL and the taper (green) are written in the vector scanning
or area mode. The waveguide (red) is written in the FBMS-mode (fixed beam
moving stage), where the electron beam circulates to create the waveguide
width while the sample stage moves. The transition from taper to waveguide
has been found to be smoothest when there is neither an overlap nor a gap by
design. Proximity effect correction methods have not been applied but could
further optimize the structures.

5.4. Transmission and Off-Chip Coupling

The transmission, or propagation length, is an essential factor which quantifies the perfor-
mance of waveguides. This section is concerned with the determination of the propagation
loss per length and, simultaneously, evaluates the butt-coupling performance of the inverted
tapers.

The electric field intensity and therefore also the power which is propagating in a guided
mode can dissipate due to material absorption or scattering into radiative modes. The scattering
can be caused by intrinsic material defects, polarizable particles within the evanescent field, or
imperfections of the waveguide surface. As such scattering centers couple guided to radiative
modes, also light propagating in free space can be coupled into the waveguide mode. A similar
behavior has been found with the tapered optical fiber (chapter H), where the excitation laser
is partially coupled into the nanofiber mode via the Rayleigh-like scattering at the diamond
nanocrystal.

If the absorbing or scattering centers are distributed along the waveguide the propagation
loss can be described in statistical terms as a mean loss per length. The loss per scattering or
absorbing center is proportional to the local power in the mode, therefore, the guided power
per propagation length 2z can be described as an exponential decay with the decay rate B:

P(2) = Pyexp(— 1) (5.6)

The most intuitive way to measure propagation losses is to evaluate the overall transmis-
sion of the waveguide with length z. But, in such a measurement, propagation losses and
in-coupling/out-coupling losses cannot be discriminated. This problem can be solved in a mea-
surement of the waveguide transmission with several different waveguide lengths z. This will
change the total contribution of the propagation loss but keeps the coupling efficiencies con-
stant. This cut-back method [[103] is applied in the following to determine the propagation loss
as well as the in-coupling efficiency mediated by the inverted taper. On the logarithmic scale,
the total transmission loss Ly, introduced by the waveguide is given by the sum of the in-
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coupling loss Li,, the propagation loss /,rop times propagation distance d, and the out-coupling
loss Lout:

Ltotal(d) = Lin + Lout + lprop -d. (5'7)

A linear fit of the measured total transmission loss Ly, for different waveguide lengths d
allows to determine the propagation and insertion losses.

The cut-back measurement is performed with a waveguide sample with an inverted taper on
one side only. The sample is shortened from the side without taper to keep the in- and out-
coupling mode geometries constant. In order to determine the transmission, probe laser light
(wavelength: 658 nm), guided by a polarization compensated single-mode fiber is coupled into
the waveguide via butt-coupling to the inverted taper (see illustration in Fig.: b.1 from left to
right). The light emerging from the output of the waveguide is collected with a microscope
objective and can be imaged with a CCD or its intensity quantified with a photo-detector.
Without inverted taper, the high mode confinement results in a high divergence of the output
mode. Within the numerical aperture of the objective (NA= 0.65), 62.3% of this mode can
be collectedf] (obtained from simulations of the waveguide mode-profile). This value is the
maximum achievable out-coupling efficiency L in this configuration and, therefore, an upper
theoretical limit for all measurements. The unprocessed transmission data is plotted against
the waveguide length in figure b.11]

From this data, a propagation loss /pop below 1.8 dB/mm as well as an insertion loss via
the inverted taper L, below 2.4dB (57% coupling efficiency) were obtained for at least two
of the 4 waveguides (the results of the cut-back measurements are summarized in table 5.1).
A alternate common method of obtaining the propagation losses is the stay light analysis. In
the regime where the propagation length is limited by scattering to radiative modes, this scat-
tered light can be analyzed by simply imaging a top ode side view of the waveguide onto a
CCD-camera. If the propagation loss is distributed equally along the waveguide, the scattered
power is proportional to the guided power and, therefore, the expected exponential decay rate
B (see equation (5.6)) can be extracted from the CCD-image. This procedure is performed on
waveguides created in the same way as this sample in [104] and compared to the cut-back
method of the same sample. The scattered-light analyses results in substantially lower propa-
gation losses with higher accuracy than obtained from the cut-back method. Four waveguides
showed propagation losses from 1.5 dB/mm to 2 dB/mm.

The sample investigated here is completely covered by a SiO; capping layer. Another sample
produced identically, but partially covered during the sputtering process of the capping layer
has been investigated in the same setup and geometry for a single length, showing about a
factor of 2 lower total transmission.

5.5. Summary

A dielectric on-chip waveguide has been designed to provide a versatile platform for on-chip
experiments in quantum information science and sensing applications. The waveguide promises

® The precise experimental determination of this value is challenging, mainly due to the strong stray-light which
guided by the capping layer
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Figure 5.11.: Total losses of four waveguides in one sample for different sample-lengths
obtained with the cut-back method. The value for waveguide 'WG 1’ at 3.6 mm
has not been included into the linear fit as this waveguide showed a strongly
scattering defect.

Figure 5.12.: Top-view photograph of the stray-light emitted by the waveguide illuminated
by a probe laser at 658 nm (right) which is butt-coupled via a single-mode fiber
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5.40 4 0.76) dB/mm
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1.69 £ 0.53) dB
2.31 + 0.08) dB
6.39 4 1.05) dB
1.09 4 1.99) dB

Table 5.1.: Table with propagation losses and insertion losses for 4 waveguides of the same
sample, obtained from the slope and the y-axis intercept of a linear fit to the
total transmission for 4 different lengths, using the cut-back method (figure b.11).
The values of the insertion loss are obtained by subtracting the simulated value
for the out-coupling loss, introduced by the limited NA of the collection optics
(Lout = 0.632), from the y-axis intercept provided by the linear fit. The error-
ranges originate from the least square fit asymptotic standard errors.
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moderate coupling efficiencies of about 35% to a dipole placed on its surface and aligned paral-
lel to the wide axis of the waveguide. In order to realize first test samples, a fabrication process
has been developed based on nanofabrication techniques such as electron beam lithography
and reactive ion etching. The electron beam lithography process allows to pattern continuous
waveguides of several millimeters in length which can be connected to arbitrary structures
without stitching errors. The overall process was optimized to produce reproducible results
showing waveguide propagation losses below 1.8 dB/mm at 658 nm wavelength. As waveg-
uides with high mode confinement are very sensitive to disturbances of its surface and the
test samples show a certain sidewall-roughness (figure b.9), this can be assumed as the main
cause limiting the propagation length. In the literature, propagation losses as low as 0.4 dB/cm
have been reported [[105] using the same material system (Ta;Os on SiO,), but with larger
dimensions (200 nm X 2-10 pm) and light with a longer wavelength (1070 nm). This larger
dimensions result in a lower mode confinement and therefore to a lower sensitivity to sidewall
roughness. However, with a system more comparable in geometry, Fu et al. [[106] found prop-
agation losses of (4.6 &+ 3) dB/mm (wavelength 637 nm) for a rig waveguide of 1 pm in width
and 160 nm in height of GaP (ng.p =~ 3.2) on diamond (n¢ ~ 2.4).

An inverted taper is added to the waveguide to provide efficient off-chip coupling to standard
single-mode fibers by extending the waveguide mode to achieve high mode overlap with the
fiber. For the fabricated samples, the off-chip coupling efficiency has been measured to be up
to 57%, which is a big improvement compared to direct butt-coupling [[107, 108, 97, 101].

After the positioning of the fluorescing diamond nanocrystal, the sample can be protected
by a sputtered layer of glass. The guided mode will change slightly, but no significant change
in the coupling efficiency is expected. However, the diamond nanocrystal might stop fluo-
rescing either due to the changed surface termination of the diamond crystal or to thermal
effects during the sputtering process. In a first test, about one half of the fluorescing diamond
nanocrystals stopped fluorescing after being covered by sputtered SiO; [109].

With the values achieved for propagation length and off-chip coupling, combined with the
expected coupling-efficiency from the emitter to the waveguide, a total coupling from the emit-
ter to a standard fiber-coupled APD-detector of above 10% is in reach.
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6. Conclusion and Outlook

Within this work, the light matter interaction of a single quantum emitter with a single guided
optical mode has been discussed and demonstrated. For this purpose, a single nitrogen-vacancy
center hosted in a diamond nanocrystal has been placed deterministically in the evanescent
field of the waist of a tapered optical fiber (TOF). With this system, the coupling of the emitted
fluorescence photons into the fiber has been proven based on the measured photon statistics.
The measured coupling efficiency of this system of (10 + 5)% is a promising starting point
for future applications in ultra-sensitive phase [110, 8, 111], absorption [[112], and fluorescence
spectroscopy. Furthermore, as a single quantum emitter can shift the phase of a propagating
laser beam by several degrees, this level of nonlinearity would, for instance be sufficient to
provide an useful photon-photon interaction for optical quantum information science [113, 26].

This demonstrated evanescent coupling principle has the advantage of being very simple
and compact in construction. The space-saving properties of this coupling technique can be
especially beneficial in integrated nanooptical devices. As first step towards such a device,
an integrated on-chip waveguide has been designed to serve as a platform for demonstration
of on-chip experiments. These strip waveguides provide high mode confinement, broadband
evanescent coupling similar to the TOF and single-mode operation at the wavelengths of the
NV-center’s emission. As part of the design, an inverted taper has been developed and tested,
which converts the highly confined waveguide mode to reach high mode-overlap with standard
single mode fibers. These strip waveguides including the inverted taper off-chip couplers have
been realized on first test samples featuring propagation losses below 2 dB/mm and off-chip
coupling efficiencies up to 57%.

In the near future, besides the experimental demonstration of the coupling of an emitter
to the waveguide mode, improvements in the propagation length are planned. The inherent
island-like growth of the chromium hard-mask seems to be responsible for a variation in the
resistance of the mask to the etching. Therefore, this structure of the chromium mask is im-
printed onto the sidewalls of the waveguides. As chromium is the metal known for growing
in the smallest islands, a modified fabrication process is being tested, using HSQ as electron
beam resist. This developed HSQ (hydrogen silsesquioxane) can be used directly as mask for
the reactive ion etching promising smoother structures. Initial test structures already featured
sizes below 30 nm [[114].

The derivation of the mode-profiles of the transverse magnetic (TM) mode in the one-dimensional
waveguide (section P.J) showed that the electric field vector perpendicular to an dielectric
interface can feature a strong enhancement of the electric field amplitude on the low-index
half-space (evanescent field). In the discussion of the nanofiber (section .3.3), this enhanced
amplitude has been found to allow a high emission enhancement factor o and good coupling
efficiencies 3. This effect of enhanced evanescent coupling close to an interface can be ex-
ploited further if this interface can be brought to the position of the field maximum. This can
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Figure 6.1.: a) Illustration of a possible realization of a slot waveguide and b) intensity
profile of the fundamental mode of such a structure. The mode of the slot-
waveguide of 100 nm in height, 700 nm in width and a 50 nm wide slot is cal-
culated for a wavelength of 650 nm. The refractive indices are n; = 1.46 (fused
silica), no = 2.1 (Tay0s5) and ng = 1 (air or vacuum).

be realized by creating a small vertical slot inside the rectangular shaped waveguide, as it is
discussed in section §. With such a slot, the fundamental horizontally polarized mode fea-
tures a strong (Ey sior ~ n%E%no slot) and extremely confined evanescent field within the slot
(illustrated in figure f.1). Such a slot waveguide promises extraordinary broadband coupling
(6 > 90%) and high emission enhancement factors (o > 100 [28]) for a dipole placed inside
such a slot [26, 115, 116, 117, 118, 119, 120].

The broadband-coupling via the evanescent field is beneficial in combination with emitters
with broadband emission like the nitrogen-vacancy center. However, any small solid-state
based emitter can be used in the same way. In the past years, many alternate fluorescent
defect-centers have been identified, synthesized and characterized. One of the most promising
alternatives to the NV-center is the silicon-vacancy center in diamond [[121, 122, 123, 124].
This system shows a short excited state lifetime, enabling high emission rates, low sensitivity
to external fields, spectrally stable emission wavelength and a high Debye-Waller factor (more
than 70% of the emission is in the zero-phonon line [122]). However, to this date, the production
of diamond nanocrystals hosting single SiV-centers is a matter of ongoing research (e. g. [125]).
Such emitters will bring new aspects to this experiment.

Providing such a narrow band emitter, the optical resonators like cavities become interesting.
There are several possible ways to implement cavity structures coupled to the TOF and the on-
chip waveguide-device. Distributed Bragg reflectors and the coupling to toroid resonators can
be utilized with TOFs [[126, 127, 128], [129] as well as with on-chip waveguides [130],[[131, 132].
The combination of an evanescently coupled narrow-band emitter to a waveguide with optical
cavity can improve the coupling efficiency to a great amount (exceeding 90%) [[130, 133, 126].
This will pave the way towards the realization of an efficient single photon source at room
temperature, an essential building block of photonic quantum computing [5, §, []. Such single
photon sources can also be combined with directional couplers [[134] and phase shifters to build
complex networks in on-chip experiments [135].

In essence, this work has demonstrated the potential of evanescent coupling as a basis for an

efficient and compact single photon source. Furthermore, this evanescent coupling shows great
potential in nanooptical on-chip experiments in quantum information science and sensing.
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A. One-dimensional Dielectric
Waveguides - Detailed
Derivation

In this appendix, the basic figures of merit of a guided electro-magnetic wave traveling in
a one-dimensionally confined waveguide will be derived directly from Maxwell’s equations.
This derivation is equivalent to the section R.4, but mathematically more rigorous.

Solutions of Maxwell’s Equations for the
One-Dimensional Waveguides

Dielectric waveguides are based on materials with different dielectric constants and hence
different refractive indices. As the wavelength A of the traveling light is not close the en-
ergy of atomic transitions in the material, the dispersion of the materials can be neglected
(%\ = (). Further assuming, that no static electric charges or currents are present, the macro-
scopic Maxwell’s equations describing the electro-magnetic fields as function of time ¢ and

position r, can be written in their differential form as:

V x E(r,t) + 8B§};’ 2 =0 (A.1a)
V x H(r, t) — aDg; H_y (A.1b)
V- -D(r,t)=0 (A.1¢)
V- B(r,t) = 0 (A.1d)

E, D, B, and H are the complex vector fields of the electric field and the electric displacement
field as well as the complex pseudovector fields of the magnetic field, and the magnetizing field,
respectively. Additionally, there are relations governing the material properties:

B(I‘, t) = IU’OH(r7 t) (Aza)
D(r,t) = e(r)E(r, t) (A.2b)
Here, the dielectric permittivity (r) = £, (r) is allowed to be varying with position accord-

ing to the structured dielectric materials. As common for dielectrics, the relative magnetic
polarization p, of the material is neglected.
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Now, the curl (V x) can be applied to the first Maxwell’s equations ([A.1d) and using equation
(A.2d) as well the Laplacian operator V x V x E(r,t) = AE(r, ). Equation ([A.1d) can then be
expressed as:

AE(r,t) + uogtv x H(r,t) =0 (A.3)

The analogous equation for the magnetic field H can be derived from (A.1H) and (A.2b):

AH(r, t) — g(r)gtv x E(r,t) = 0 (A4)

Let these functions be well-behaved, meaning it is allowed to change the order of temporal and
spacial derivatives, then it follows:

2 2

(A + nc(;) gﬁ) E(r,t) =0 (A.52)
2 82

<A + ”Cgﬂ W) H(r,t) = 0 (A.5b)

The material properties can be expressed in terms of the refractive index n and the vacuum
speed of light c using the relations:

¢ = (nogo)™!,  n’(r) =& = e(r)/e0 (A.6)

Considering a monochromatic wave with a single angular frequency w, then the time depen-
dency of the electric field and the magnetizing field can be written as an harmonic oscillation:

E(r,t) = E(r)e™! (A.7a)
H(r,t) = H(r)e™! (A.7b)
yielding the stationary solution:
w?
<A —an (r)) E(r)=0 (A.8a)
w?
<A —an (r)> H(r) =0 (A.8b)

At this point, the dielectric structure has to be defined. In order to allow propagation di-
rection 2, a waveguide structure can be used, which enables confinement of the light in two
dimensions (Z, §) . This can be realized by a step function of the refractive index in x and y but
invariant of z.

n(r) = n(z,y) (A.9)

The free propagation in £ can be expressed in terms of a free propagation constant k, = w/c,
which is modified by the effective refractive index neg:

E(z,y,z) = E(x, y)e_mefsz (A.10)
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resulting in:

O’E  O’E

927 o2 T (n*(2,y) = nggg) KB =0 (A.11a)
0*H  O0°H
522 T gz T (0 (@y) —nig) KH=0 (A1)

In order obtain simple analytical results, the dimensionality of the system can be reduced. To
do so any variation in the g-direction is neglected. This is now a one-dimensional waveguide
as the confinement is in one dimension. In the this section, solutions of the wave-equations
for this one-dimensional waveguide will be derived analytically (see figure P.7).

TE- and TM-Modes

Let the mode be confined in Z and the structure be invariant in ¢ and 2. Z is chosen to be the
direction of propagation, which implies:

0E, OE, OFE,

oy oy oy 0 and n(r)=n(x) (A.12)
This reduces the electric field to:
E(z,y) = E(z) = 2E,(z) + 9E,(x) (A.13)

This is a basis consisting of two orthogonal polarized modes, the so called transverse electric
(TE) and the transverse magnetic (TM) mode:

TE: B, #0,E, =0 (A.14)

T™™: E,#0,E,=0 (A.15)

In the simplest case, the system consists of two materials (n1, n2) in a sandwich structure with
the material with the higher refractive index ns in the middle, the core region of the waveguide.

TE - Transverse Electric Modes

The transverse electric mode (TE) has an electric field component in ¢ only.

0 H,
E=| E, H=| 0 (A.16)
0 H,

The following equation defines the TE-Modes:

d’E, (x
dxyz() + ”(95)2]‘32Ey($) = ”szk‘gEy(fU) (A.17)
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Here, the formal equivalence to the time-independent Schrédinger equation can be pointed
out. [| For simplicity, the fundamental length unit can be chosen in units of the vacuum wave-
length A. With this choice the wave vector k, is turned into 27:

d2Ey<37)

P —47* (n — nly) Ey(z) (A.18)

i =

An electro-magnetic wave, traveling along 2 in our structure, spans over both materials. As
the effective refractive index is directly related to the propagation constant, each mode has a
specific effective refractive index. Its value has to lie in between the refractive indices of both
materials.

ny < Neff < 12 (A.19)

Equation (A.18) can be solved separately for all three areas i (above the core, in the core and

below the core):
Eyile) = 5 exp | ~2myfu? — 1] (a.20)

Here, &, is the complex electric field amplitude. From the relation (A.19) it can be derived
that y/n? — n?; is imaginary and y/n3 — n%; is real. Consequently, inside the waveguide the

exponent in ([A.20) is imaginary, causing harmonic oscillations of E, 2. In contrast, outside of
the waveguide the electric field decays exponentially with x as there the exponent of equation

(A.20) is real.

From the integral form of Maxwell’s equations, it can be easily derived that the parallel and
perpendicular electric and magnetic fields components fulfill certain continuity relations at
dielectric interfaces (see standard optics textbooks like [3(]):

continuous: D, Ey By H| (A.21)

discontinuous: E, Dy H, B (A.22)

In the case of the one-dimensionally confined waveguide, the two interfaces are spanned in
the (7, 2)-plane and the electric field has a §-component only. Therefore, the electric field is
continuous at both interfaces. Let the interfaces be located at x+ = —a and x = « then the
continuity conditions can be expressed as:

Eyi(a) = Eys(a)  Eyi(—a) = Eya(—a) (A.23)

= Ey,1exp [—277\ [n%e — n? (:I:a)] = Eyaexp [—2%1 n3 —nZ; (:i:a)] (A.24)

2

“The complex wave-function corresponds to F,(z) and w?c*n(x)? resembles the position-dependent potential
V(z) for the quantum-mechanical one-dimensional potential well. The well-known solutions for the finite
potential well in quantum mechanics also apply in this case. Now, if the refractive index of the inner material
ng is higher than n; the result is a partially reflecting wall, whereas if no < n; there exist two classes of states,
bound states and unbound states corresponding to guided and non-guided modes.
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Then, the electric field in the tree regions can be expressed as:

Ey1 exp [2%1 [nke —n? (z + a)] forz < —a
Ey(x) = ¢ &y 2cos [2%« /nk —n’ex + 7} for |z| < a (A.25)
kgy’l exp {2#1 [nke —n? (a— 93)] forz > a

The phase factor v, introduced in the second equation, takes care of even and odd modes
(symmetric and antisymmetric) and is 7/2 for even modes, but 0 for odd modes. Plugging
the expression for £, ;(x) into the first of the Maxwell’s equations (formulas (A.1d) to (A.1d))

gives:

Hy(z) = _2:ZSfny($) (A.26a)

Hy(x) =0 (A.26Db)
- 1 0E,(x)

H.(z) = R (A.26¢)

The third equation (A.26d) can be written as:

—mg%l exp [2Wm(x + a)} for < —a

27
H.(z) = _TMO m&’y,g sin [QW\/Mz + 7} for |z|<a (A.27)
mfy,l exp [QWW (a — :1:)] for z>a

Applying the continuity condition (formulas (A.21) and (A.22)) yields:

Ey1 = Ey2cos [’y —2my\/n3 — nsz a] (A.28)

Using the continuity of the magnetic field H, 1(—a) = H, 2(—a) in (A.27) provides:

— \/ngff — n% Ey1 = \/ng — nszé’yg sin ['y — 277\/71% — nsz a} (A.29)

The continuity of H,(x) (provided p, is constant everywhere) is equivalent to the fact that
the first derivative of the electric field 0E, /Ox is continuous. The same procedure for z = a

results in:
Ey1 = Ey2cos [271'\ /n} —n’a+ ’y] (A.30)
\/ Nl — 13 Ey,1 = (/N5 — nZpEy2sin [QW\/ n3 —niya+ 7] (A.31)
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By dividing equation (A.29) by (A.28) and equation (A.31) by (A.28), it follows:

n2ff — n% 2 2
—\|—5 ——5 =tan ['y —2my\/n5 — neffa] (A.32)

ns — Ny
2 2
Nige — N
eff 1 _ 2 2
——— = tan |m\/n5 —niza+vy (A.33)
Ny — Ny

~ can be eliminated combining both equations. Doing so, it has to be noted that the inverse
function of the tangent, the arctangent is periodic in whole multiples ¢ of 7:

e — i /
— arctan ﬁ +qm =7 —2my\/n3 — ngffa (A.34)
N2 = Mgy
2 2
N — N
arctan [ % + qom = 2my\/n3 — nsza + 7y (A.35)
2 7 Tleff

Subtracting equation (A.35) from ([A.34), provides:

2 ngg — ni
- arctan [ ﬁ — (1 — @2) = 4y/n3 — nZsa (A.36)

N = Tetr
The difference between two integers is again an integer, therefore, g1 — g2 =: —g, yielding:
2 2
2 Nie— N
— arctan [ LMY q=4\/n3 — ngffa (A.37)
g Ny = Mg

or:
9 nZ. _n2

q = 4ay/n3 — ngff — —arctan % (A.38)
T ny — Mege

This function can be evaluated graphically by plotting g as function of the effective refractive
index and for different waveguide widths (2a) (see figure [A.1)). Solutions of the equation exist
for all values, for which the function graph crosses with an integer number of ¢ (indicated by
black circles in figure [A.1). For every waveguide width (2a), at least the fundamental mode
q = 0 exists. In a certain parameter range ((2a) < 1/(24/n3 — n?)), only one single guided
mode exists whereas for the rest multiple modes are possible.

In order to plot the mode profiles ([A.25) for selected dimensions, the spatial phase offset y
has to be discussed in more detail. Equations (A.28) and (A.30) define that  can only take
integer multiples of 7m/2. Without loss of generality,  is either 0 or 7/2. Then, the expression
for E(z) (A.25) results either in an antinode or zero-crossing at the symmetry plane = = 0:

Ey2 (full amplitude) fory =20

ot ) {0 (zero-crossing) fory=17% (A.39)
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Figure A.1.: The value ¢ (equation (A.3§)) plotted against the effective refractive index for
different waveguide widths: 2a = 0.01, 0.288, 0.5, 1, and 2. For each crossing
of a curve with a whole number of ¢ a TE-mode exists. These points where the
conditions for a mode is fulfilled are marked with a circle and a letter (the letters
are used to reference the intersections with the plotted mode profiles in figure
[A.9) . The refractive indices are chosen n; = 1, ny = 2.

Comparing equations (A.34) and (A.35) then yields:

™

Y (1 + q2)

[\

Combined with ¢ — g1 = ¢ and the fact that ¢, ¢; and g5 are integers, it can be derived, that for
even (odd) ¢, the phase factor gamma can be chosen as 0 (7/2). Conclusively, the modes with
even ¢ show an amplitude maximum (antinode) at the waveguide center and are called even
modes. Accordingly, the modes with odd g have a zero-crossing at the waveguide center and are
called odd modes. The fundamental mode is always an even mode and higher modes alternate
between odd and even modes. Exemplary mode profiles for different waveguide widths are
shown in figure [A.4. Here, the mode profiles are denoted equally to the solutions of equation

(A.38) in figure [A.1]

This mode is referred to as transverse electric mode (TE) as the electric field has a trans-
verse component only. In contrast, the magnetic field features a transverse and a longitudinal
component H,(z) and H,(x) (plotted in figure [A.3).
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Figure A.2.: TE-mode profiles for E,(x) are plotted based on equation (A.25), using the
graphical solutions from equation ([A.3§) presented in graph [A.1. The identifiers

are set accordingly to figure [A.1.

Figure A.3.: Profiles of the magnetizing fields E, (), H,(x) and H,(z) for a subset of the
TE-modes presented in figure [A.4. The profiles are found as solutions to equa-
tions (A.23), (A.26d) and (A.27), respectively.




TM - Transverse Magnetic Modes

The transverse-magnetic modes have an electric field polarized in  meaning:

E, 0
E=( 0 H= | H, (A.40)
E, 0

As before, the fundamental length unit chosen the vacuum wavelength A, and therefore, k, =
2m: With the use of H = H,, and H being independent of y, equation (A.11B) for the magnetic
field component transforms into:
d*H,

dz?

Analogous to the discussion of the TE-modes, this equation can be solved by:

Hy1exp [277« [nke —n? (z + a)} forz < —a
Hy(x) = § Hy2 cos [27n /n3 — ngffav + 7] for |z| < a (A.42)
Hy,1 exp [—2%« [nke —n3 (z — a)] forz > a

However, in contrast to the discussion of the TE-modes, the spatially varying refractive index
enters, with €(r) = ¢(x) the electric field components:

+ (27T)2 (n2(aj, y) — nsz) Hy,=0 (A.41)

27 Neff

E,(x) = oz (@) Hy(x) (A.43)
E,(z)=0 (A.44)
E.(z) = L 9oH,(x) (A.45)

we(z) Oz
The third equation (]A.49) gives for the three regions i with the dielectric permittivity &;:

( /77/2 _n2
o Hy 1 exp {277\ [nZe —n? (z + a)} for < —a

2_ .2
E.(r) = —@H%g sin [277\ /nd —nPez + 'y} for |z|<a (A.46)

WWED

oy
L _%%%1 €xp [—QWW(QC — CL)] for z>a

With the continuity conditions (A.21) and (A.22) applied, yielding H, 1(—a) = H, 2(—a), the
first expression (z < —a) of Hy(z) (A.49) results in:

Hy1 = Hyocos [’y —2my\/n3 — ngff a} (A.47)
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The continuity at x = —a of the electric field component in propagation direction F 1 (—a) =
E. 2(—a) gives:

2 2 2 _ 2
Nie—n ns—mn
\/ﬁ V2 T Mg _
-y = Hy1 = Yy - = Hy .2 sin [7 —2my/n3 — nZy a] (A.48)
€1 £2

The same procedure for x = a renders:

Hy1 = Hy2cos [27r\ /n3 —n’pa+ ’y} (A.49)
2 2 2 2
Nege — 17 Ny — Negr
1 2

By dividing equation (A.48) by (A.47) and equation (A.50) by (A.49) and by using the relation

2
n; = €;, we get:
2 2
N Mg — 1 2 2
— | ————5 =tan |y — 2m /N5 — nZca A.51
1 n — n? v \/ "2 eff ( )

eff

2 2
ng N — NY /
17 = Mg
Analogous to the procedure with the TE-modes, 7y can be eliminated combining both equa-

tions. Therefore, it has to be noted that the inverse function of tan is periodic in whole multiples
q of .

2 2
N2 Mg — T4

2 2

— arctan
N1 Ny — N

2 2
N2 Negp — 17

+qm =7y —2my\/n3 —ngffa (A.53)
arctan ———— | + T = 271'\/712 —nZ.a+ (A.54)
[ ning — ngff ? et !

By substracting equation (A.53) from (A.54) one gets:

2 ng N2g — N3
— arctan —ngfi; —(q1 — q2) = 4y/n3 — nksa (A.55)
m N1 Ny — Mg

The difference between two integers is again an integer, therefore, ¢ — g2 = —g¢, yielding:

2 ng N2 — N7
— arctan [ —2% +q = 44/n3 — ngffa (A.56)
& LNy = Nege

or:
2 ng nZ; — n?

q = 4a\/n3 — ngff — —arctan —;ffi; (A.57)
m N1 My — Mg

Fully analogous to the treatment of the TE-modes, can be evaluated graphically by plotting
q as function of the effective refractive index and again for the same waveguide widths (2a).

92



Toeff

Figure A.4.: ¢ plotted as function of the refractive index n.g with equal parameters to figure
[.1, but for TM-modes. Each crossing of a function graph with an integer value
of g fulfills the condition for an allowed mode. Such crossings are indicated by
a black circle and labeled with a letter.

The mode profiles of H,(z) are plotted in figure [A.5. In contrast to the E,(x)-profiles of the
TE-modes, Hy(x) of the TM-modes shows kinks at the dielectric interface. Furthermore, as
shown in figure [A.d, the electric field component F, can feature a strong jump at the interface.
Due to this jump, the electric field strength of the evanescent field is able to exceed the electric
field strength inside the core region. This jump in the electric field is used to achieve high
evanescent coupling with the tapered optical fibers (TOF) (see sections and }). However,
such electric field jump limited to transverse magnetic modes or hybrid modes featuring a
strong TM-part.
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Figure A.5.: TM-mode profiles of the H,-component of four exemplary waveguides deter-
mined as solutions for equation ([A.43). The plotted profiles use the solutions
of equation ([A.57) as plotted in figure [A.4.
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Figure A.6.: Profiles of the components H,,, E,; and E, of two of the waveguide widths

discussed in figure [A.3. These profiles are based on equations (A.43), (A.43)
and (A.46), respectively.






B. Experimental Setup

This chapter provides technical details on the experimental setup, which is designed for the
characterization and preselection of diamond nanocrystals, the assembly of the coupled system
of tapered optical fiber and diamond nanocrystal, and the analysis of the coupled system. The
hybrid microscope, assembled as part of this thesis, is shortly described in the first section. The
second section of this chapter discusses the basic functionality of the atomic force microscope
and its capabilities to map surface topography on the nanometer scale.

Hybrid Microscope

The hybrid microscope, a combination of confocal scanning microscope and atomic force mi-
croscope, is presented in figure B.1l. The excitation laser light at 532 nm is indicated by green
arrows. It is guided to the confocal microscope via a polarization-maintaining fiber (PM) and
coupled to free-space via a collimation optics. The excitation laser light is intensity-controlled
and its polarization is rotated by a set of polarizers, liquid crystal retarders (LCR) and a quarter-
wave plate (A/4). Via a scanning voice coil mirror (VCM) and a 4f-telescope the excitation laser
is guided into the microscope objective which focuses the excitation onto the sample. The flu-
orescence signal (red arrows) is collected via the same objective, transmitted by the dichroic
mirror, cleaned with a low-pass filter at 590 nm (OG590) and a notchfilter at 532 nm and cou-
pled into a SM600 optical fiber. Above the sample stage, the atomic force microscope (AFM)
is situated. With this AFM, recording the sample’s surface topology as well as the nanoma-
nipulation of diamond nanocrystals can be performed, while the process can be monitored
confocally. When a diamond nanocrystal has been placed on the tapered optical fiber (TOF),
its fluorescence signal is partially channeled into the TOF. The signal in both arms of the TOF is
cleaned with a low-pass filter at 590 nm (OG590) and a notch-filter at 532 nm and coupled into
a SM600 optical fiber. All fibers guiding fluorescence signal can either be connected directly to
an avalanche photo diode (APD), a Hanbury-Brown and Twiss-interferometer (a beamsplitter,
two APDs, a time-to-digital converter (TDC) and a histogramming software) or a spectrome-
ter. In the home-build spectrometer, the light guided by the input-fiber is collimated on to a
diffraction grating. The refracted light is the imaged with a lens on to a CCD-camera (Andor
iDus401A-BV), yielding a spectral resolution of 0.7 nm.

Atomic Force Microscope

The atomic force microscope (AFM) is widely used in science to image topology but also to ma-
nipulate particles on the nanometer scale. The AFM has been discussed widely in the literature,
however, a short introduction into its working principle is presented here.
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Figure B.1.: Schematic of the hybrid microscope including the AFM, the confocal micro-
scope, the Hanbury-Brown and Twiss-interferometer (HBT) and the spectrom-

eter.



The atomic force microscope uses the interaction of a sharp probe-tip with a specimen to gain
informations about its local topology. There are several different operation modes and also
modifications. The focus lies on the topological imaging of a surface using the intermittent
contact mode or tapping mode in constant height mode. The probing tip is fixed below a
cantilever, which acts as a spring. The cantilever is excited to vibrations perpendicular to the
sample surface. The vibrational frequency is close to the resonance but not on resonance,
therefore, a change in the damping will lead to a change in amplitude. When the tip is scanned
across the samples surface, the topology of the surface will result in variation of the damping
of the cantilevers vibration. The resulting variations in the vibrational amplitude can now be
fed as error-signal into a feedback PID-controller, which moves the cantilever up and down to
keep the amplitude of the vibration constant. There are two signals which can be recorded,
the error-signal which is fed into the PID-controller as well as the PID’s output signal. The
error-signal contains information about the position of the edges, whereas the output of the
PID is the absolute height information. It has to be noted that the forces between the probe
and sample highly depend on the material of the topmost layer on the surface. A change in
substrate material can produce a signal which can be misinterpreted as height change. For
instance, measuring the height of a step of two different surface materials can be fault-prone.
The probe-tip or AFM-tip is sharp but not infinitely pointy. Its own shape is always imprinted
onto the structure, similar to a convolution. For once, this effect makes it impossible to resolve
structures smaller than the tip but also a certain topological structure on the tip will be mixed
with the structure of the sample.

On the technical side, here, as in most realizations, the vibrational amplitude is measured via
the reflection of a laser at the cantilever onto a quadrant diode. In the standard configuration,
a visible red laser diode is used for this purpose as it makes the alignment of the laser onto
the cantilever untroublesome. However, such a wavelength will partially be collected via the
confocal microscope and by far outshine the signal of the NV-centers. As this would make it
impossible to operate the AFM at the same time as the confocal microscope, the hybrid nature
of this setup would be obsolete. To circumvent this problem a laser diode with a wavelength
of above 850nm has been chosen as replacement, which can be filtered out easily. Addition-
ally, a long-pass filter is placed inside of the AFM to cut-off the non-lasing LED luminescence.
The cantilever itself is excited with a piezo-element. The AFM used for the experiments pre-
sented here is using a flexure-based scanner which is driven with voice coils. This technique is
claimed to be highly linear even without closed-loop stabilization and therefore, a cost-efficient
alternative.

The pick-up of a diamond nanocrystals with the AFM-tip (see section H) is mediated by sur-
face van der Waals forces acting between close surfaces. When pushing the AFM-tip onto the
diamond, there is a certain probability that the van der Waals force of the diamond to the tip
exceeds the force to the surface. In this case, removing the tip will also remove the diamond
nanocrystal. The diamond is then strongly sticking to the tip compared to gravitation and air
flow. By pushing the tip again onto a surface, the diamond can be released from the tip and
sticks to the surface. Here again, the force to the surface has to be stronger than to the tip.
Such surface forces are very sensitive to environmental conditions. It has been reported, that
a high humidity is needed to allow successful pick-up. This was ensured by placing a water
evaporator close to the setup. Within this work, a prior cleaning step of the AFM-tips in oxygen
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Figure B.2.: Illustrations of a typical probe-tip of an atomic force microscope. AFM-tip at-
tached to the cantilever (right) and a closeup on the tip (left). Typical tip radii
are of the order of a few nanometers, the tips used in this experiment have a
tip radius of about 50nm.

plasma has been inevitable. Flattening of the tip prior to the pick-up can enhance the pick-up
probability further. Including all these measures, most diamond nanocrystals could be picked
up successfully, however, about one third could be placed again after several tenths of tries.
The other two thirds might have shown stronger sticking to the tip then to the sample surface,
sticked to the side of the tip or where lost during the process.
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