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Abstract

�antum technologies are on the verge to transition from laboratory experiments to e�cient inte-

grated applications that will improve current technologies from computing over cryptography to

biology and pharmaceutics. �e quantum states of photons are the connecting link between individ-

ual stationary quantum systems. In order to exploit the potential of a photonic quantum technology,

e�cient interaction between photons and quantum systems is a key requirement. �e low interac-

tion strength of photons is bene�t and challenge at the same time, as they can travel long distances

while keeping their quantum state, but transferring their state onto other quantum systems is hardly

possible. Hybrid approaches from the �elds of photonics and quantum optics are employed to tailor

the interaction of routed photons with optically coupled quantum systems. �e research described

in this thesis investigates two core aspects of a hybrid photonic quantum technology: e�cient sin-

gle photon generation and optimized photonic micro-structures. �is thesis approaches both sides

separately and aims at combining a suitable single photon source with a photonic structure to form

a hybrid system.

�e �rst part of this work focuses on the development of a photonic technology. Nano-photonic

integrated structures were optimized for e�cient coupling to quantum emi�ers. Optical waveg-

uides based on silicon nitride (SiN) were designed, fabricated, and experimentally characterized in

terms of their optical performance and coupling e�ciency to single emi�ers. Based on results of

numerical �nite-element calculations, coupling e�ciencies from 22 % to 100 % are achievable with

optimized designs of dielectric silicon nitride waveguides on a glass substrate. For free-space cou-

pling, a grating coupler was designed and optimized numerically to provide e�cient detection of

guided �uorescence in the waveguide. �e �nal design was successfully employed in coupling ex-

periments in collaboration with Prof. Dr. Costanza Toninelli in Florence, Italy, where 42 % of the

�uorescence from a single molecule was coupled to a waveguide.

In the second part of this thesis two single photon sources are investigated towards their imple-

mentation into a hybrid photonic system. First, a novel single photon source based on a defect center

in zinc oxide was optically investigated at room-temperature and cryogenic temperature. Spectrally

narrow zero-phonon lines of the �uorescence from nano-structured zinc oxide were measured for

the �rst time during this work. Detailed stability measurements together with photon correlation

measurements reveal a competitive defect center in a material system, which is suitable to be a

platform for integrated single photon sources.

A second emi�er system, based on an organic dye molecule was investigated in the �nal part

of this research. An elaborated cryogenic confocal microscope was designed, constructed, and

tested to conduct resonance spectroscopy measurements and coherent excited state control of a

single molecule. At temperatures down to 1.2 K, photons from fabricated molecule samples showed

lifetime-limited linewidths of <50 MHz. A resonant laser source drives Rabi oscillations, which

are accurately described by the quantum mechanical theory of a two-level system. �e system’s

decoherence induced by the nanoscopic surrounding was mapped and studied at a high precision,

illustrating the quantum sensing capabilities of a quantum emi�er.

�e results presented in this thesis on coupling e�ciencies and single emi�er performance pro-

vide the necessary background of the elements composing a future hybrid technology and enable

improved experiments around the integration of single photon sources into photonic structures.





Zusammenfassung

�antentechnologien sind im Begri� sich von Laborversuchen zu e�zienten Anwendungen zu ent-

wickeln, um bestehende Technologien von der Informationsverarbeitung über Kryptographie hin

zur Biologie und Chemie zu verbessern. Die �antenzustände einzelner Photonen spielen dabei die

Rolle als Bindeglied zwischen stationären �antensystemen. Um das volle Potenzial einer �an-

tentechnologie basierend auf Photonen voll auszuschöpfen, ist eine e�ziente Wechselwirkung zwi-

schen Photonen und �antensystem erforderlich. Gerade die schwache Wechselwirkung ist dabei

Vorteil und Herausforderung zugleich, denn sie ermöglicht Photonen �antenzustände über weite

Strecken zu übertragen, wohingegen sie diese jedoch kaum an andere Systeme weitergeben. Hybri-

de Ansätze zwischen den Forschungsfeldern Photonik und �antenoptik werden verfolgt, um die

Wechselwirkung gezielt zwischen im Wellenleiter geleiteten Photonen und gekoppelten �antene-

mi�ern zu erreichen. Die Arbeiten in dieser Dissertation untersuchen zwei zentrale Aspekte solcher

hybriden photonischen �antentechnologien: die e�ziente Erzeugung von Photonen und die Opti-

mierung von photonischen Strukturen. Beide Seiten werden unabhängig betrachtet und diskutiert

mit dem Ziel sie zu einem hybriden System zusammenzuführen.

Der erste Teil dieser Arbeit behandelt die Entwicklung einer optischen Mikrotechnology. Inte-

grierte nano-photonische Wellenleiter aus Siliziumnitrid wurden für die Kopplung zu �antenemit-

tern entworfen, optimiert und experimentell untersucht. Basierend auf den Resultaten von numeri-

schen Finite-Elemente Simulationen, Kopplungse�zienzen zwischen 22 % und 100 % sind erreichbar

in solchen dielektrischen Strukturen. Zum Ein- und Auskoppeln des Wellenleiters wurden Gi�er-

koppler entwickelt und numerisch optimiert, um eine e�ziente Detektion von geführten Photonen

eines koppelnden �antenemi�ers beobachten zu können. Das �nale Design wurde erfolgreich in

Kopplungsexperimenten in Zusammenarbeit mit Prof. Dr. Costanza Toninelli in Italien verwendet,

bei denen 42 % der Fluoreszenz eines einzelnen Moleküls an einen Wellenleiter gekoppelt wurde.

Der zweite Teil der Arbeit untersucht zwei Einzelphotonenquellen auf ihre Eignung zur Einbin-

dung in hybride Systeme. Zunächst wurde ein neuartiger Einzelphotonenemi�er basierend auf De-

fektzentren in Zinkoxid optisch bei tiefen Temperaturen untersucht. Es konnte im Zuge dieser Ar-

beit erstmals gezeigt werden, dass die Photonen von nano-strukturiertem Zinkoxid sehr schmalban-

dige Emission aufweisen. Detaillierte Stabilitätsuntersuchungen und Korrelationsmessungen zeu-

gen von einem für die Integration we�bewerbsfähigen Emi�er- und Materialsystem.

Im letzten Teil, wird eine Einzelphotonenquelle bestehend aus einem organischen Molekül un-

tersucht. Ein komplexes kryogenes Konfokalmikroskop wurde dazu entworfen, aufgebaut und zur

Resonanzspektroskopie verwendet, welche eine kohärente Kontrolle des angeregten Zustands ei-

nes Moleküls erlaubt. Bei Temperaturen bis zu 1.2 K wurden Lebenszeit-limitierte Linienbreiten von

<50 MHz auf den Molekülproben detektiert. DieRabi-Oszillationen zwischen den Molekülzuständen

konnten akkurat durch eine quantenmechanische �eorie beschrieben werden, wodurch die Ver-

messung der Dephasierung des �antensystems durch die nanoskopische Umgebung präzise stu-

diert werden konnte.

Die Ergebnisse dieser Arbeit zur Kopplung von Einzelphotonenquellen stellen die Grundlage für

weitere Anwendungen durch eine photonische �antentechnologie dar und bereiten den Weg zur

Integration von Einzelphotonenquellen in photonische Strukturen.
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1 Introduction

�e age of quantum processors emerges on the horizon and global cooperations pull quan-

tum processing experiments from the laboratory environment to commercial engineering

halls. �e transformation from university research to publically accessible machines is

being driven by the investment of large sums of coorporate and government money and

marks the beginning of a race for a technology of unprecedented potential. �antum infor-

mation technology will transform every day life just as much as the invention of the binary

logic machines did in the past 50 years. �e envisioned outline of the future quantum tech-

nology contains four major explorations: quantum communication, quantum simulation,

quantum sensing, and quantum computation, as described in the European �antum Man-

ifesto [1] and recently a�rmed by an european expert commission [2].

�e foundation of every quantum technology is the encoding of quantum information

in a quantum mechanical system. A physical system with two eigenstates |1〉 and |2〉 rep-

resents the classical information bits and is called a qubit. �e advantage of a qubit over a

classical bit is the access to a continuum of quantum mechanical superposition states. Huge

gains can be accessed in quantum computation, simulation, and communication schemes

by making use of superposition states [3].

classical bit

’1’

’0’

qubit

|1〉

|0〉

�e quantum simulator, as proposed by R. Feynmann [4], is capable of simulating complex

physical processes by controlling the interaction between qubits and mimicking a natu-

ral interaction. In digital quantum information processing (QIP), several algorithms were

invented and mathematically proven to be faster than their binary logic counter-part, in-

cluding Shor’s factoring algorithm [5] and Grover’s quantum searching algorithm [6].

Both types of algorithms rely on single qubit gates and two-qubit gates for their calcula-
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tions. Implementations of these two gates are called universal quantum computers since

any operation on a qubit can be expressed by the two gates [3].

For decades, trapped ions and atoms were on the forefront of testing and implementing

quantum algorithms [7, 8]. With immense experimental e�ort, 7 ions have been success-

fully used to factorize the number 15 at the IQOQI in Innsbruck, Austria [9]. Factorizing

larger numbers requires hundreds or thousands of qubits connected via highly e�cient

qubit gates. It is the scaling of qubit technology, that concerns research world-wide.

In 2011, the Canadian company D-Wave Systems, Inc. stunns the quantum computing

research community by announcing their �rst commercially available quantum computer

with 128 qubits at its heart. While the technology was not the long-sought universal quan-

tum computer and rather a simulator, the employed quantum annealing principle provenly

operates faster on optimization problems than any other binary machine is capable of [10].

�is sparked a plethora of endevours by world leading companies. Google relocated the

research team around John Martinis from University of Santa Barbara to their headquar-

ters, where they announced in 2017 an universal quantum computer with six qubits. �eir

technology is based on superconducting circuits, where microwave pulses mediate the in-

teraction between quantum states de�ned by the phase and resistance within the super-

conducting elements of the circuits [11].

IBM launched a webservice (IBM-Q), where anyone can code algorithms that run on

IBM’s 16 qubit quantum computer, dubbed as the �rst quantum cloud computer. �eir tech-

nology is superconducting circuits kept at ≈10 mK temperatures that support quantum

error correction protocols [12]. Microsoft invested heavily into a technology, which still

needs to verify the exsistence of the potential qubit: Topological quasiparticles are the foun-

dation of qubits with very long coherence properties [13, 14]. Intel invests $50 Mio. in the

�Tech research labs at the TU Del� to work on silicon based quantum machines. Mean-

while, academically driven research continues to push the limits of quantum information

machines by announcing a 51 qubit quantum simulator based on trapped atoms interacting

through Rydberg excitations [15]. Still, all these endevours mark only the beginning of a

suitable technology that will compete with conventional computers. �e decoherence of

the qubit states is the main technological challenge due to the interaction of the qubit with

its environment.

Photonic quantum technology has emerged as a research �eld, in which quantum infor-

mation is carried by the quantum states of photons [16]. A technology based on photons

is suitable for the applications in quantum communication, quantum sensing, and quan-

tum metrology [17]. Due to the weak interaction with the environment, photons are very

robust against decoherence and can therefore transfer quantum information over long dis-

tances from one place to another. �e quantum states of such �ying qubits are encoded in

the basis states of the photon’s polarization. �e polarization of the photon can be used

used as a qubit representation of ”0” and ”1”, e.g. through the eigentstates horizontal and

vertical linear polarization or le� and right circular polarization. By using waveplates and

optical modulators one can modify the polarization state of individual photons and get full

https://www.research.ibm.com/ibm-q/
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control of the single qubit. �ese properties make photons a leading approach for quantum

information processing and linking di�erent qubit systems [18].

�e most challenging part of optical quantum processing is to enable logic operations on

photonic qubits. �is requires an interaction between photons, which can only be achieved

by coupling to ma�er [19] or the use of non-linear media [20]. However, due to the low

interaction probability of photons with such objects, photonic quantum information pro-

cessing approaches trail behind other QIP schemes, like trapped ion chains [9], supercon-

ducting �ux qubits [21], where two-qubit operation is readily exploited in algorithms. A

Linear Optical �antum Computing (LOQC) scheme [22] circumvented such non-linear

interaction through ancilla photons for each qubit and quantum interference between two

photons in di�erent optical modes and enabled a compiled version of Shor’s quantum fac-

toring algorithm [23]. However, this scheme is accompanied by a large resource overhead

due to the non-deterministic nature of photons, which causes very low probabilities of suc-

cessful computations. �e focus and a major goal in the photonic sciences is the achieve-

ment of strong coupling between photons and atomic systems. �e �eld of cavity quantum

electrodynamics (cQED) has successfully moved from coherent interaction of atomic en-

sembles to single-atom single-photon interaction [24, 25]. Photons have also been coupled

strongly to superconducting qubits [26]. Recently, strong coupling has been shown on a

much smaller feature size scale: Photons in photonic crystals doped with quantum dots

[27, 28] and plasmonic nano-structures [29]. A common goal of these young approaches

and the research of this thesis is to link photons with single photon emi�ers.

From these considerations, two important goals can be derived for a future photonic

quantum technology: the development of e�cient single photon sources (SPS) and e�-

cient coupling of photons to stationary qubits. �e requirements on a well-performing

single photon source are on-demand operation, indistinguishability, and implementation

into a scalable design [30]. Creating single photons on-demand in its simplest form can

be done quite easily by using a�enuated laser pulses, which exhibit an average photon

number per pulse of one in a de�ned optical mode. �e probability of multi-photon events,

a crucial demand in cryptography protocols, can be suppressed by reducing the intensity

accordingly. Such sources are employed in quantum cryptography applications [31], where

in combination with decoy pulses [32] unconditional secure keys can be distributed. How-

ever, since the a�enuation is strong, some pulses are without any photons, which reduces

the number of successful computations and impairs the usability of such a source for other

applications. Parametric down-conversion photon sources [33] technically su�er from the

same problem, since a high energy photon statistically down-converts into idler and sig-

nal photon in a non-linear crystal. While the strong correlation between the two down-

converted photons allows for heralded operation, the number of pump photons also needs

to be a�enuated such that statistically never more than one pair is generated. Both SPS

schemes are large experimental setups, which cannot be scaled up easily to provide higher

numbers of SPS. �e scalability criteria is therefore not a�ainable with such sources and

is sought to be met by true nanoscopic single photon sources.
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Defect center Molecule

crystal 
100 nm to 1 µm

zinc

oxygen

Single Photon Emi�er

SiN waveguide 175nm

grating coupler

Figure 1.1. A common goal of hybrid approaches is to merge single photon sources (SPS) withphotonic structures. A nano-scopic emitter system is placed onto a silicon nitride(SiN) waveguide. The emitter is embedded in a host crystal, which can take the formof a defect center or a molecular emitter. The fluorescence from the SPS couples tothe photonic structure, which enables an efficient detection of the photons.

True single photons are provided by physical systems with optical transitions between

atomic states. Trapped atoms and ions well isolated inside of evacuated vacuum chambers

were the �rst studied true single photon sources with excellent spectral properties. �e

narrow linewidth of atomic transitions meets the indistinguishability critera of an ideal

SPS. While atoms and ions allow for perfect single photons, the natural isotropic radiation

of photons into a toroidial shape around the dipole axis is very di�cult to collect and many

of the photons are lost when using traditional macroscopic collection optics.

Since then many novel SPS have been identi�ed [30, 34, 35], which provide means to

overcome the limitations of trapped atoms and ions. So called arti�cal atoms are discrete

electronic states in a material, which show optical transitions in the visible spectral range.

�e main candidates are quantum dots, defect centers, and organic molecules. Such emit-

ters allow for integration into light guiding structures, which enables the e�cient collec-

tion of photons and at the same time provides a coupling between photon and stationary

qubit. �is is addressed by many research groups by engineering the coupling of a sin-

gle photon emi�er to far �eld optics. �e approaches are vastly di�erent and typically

very speci�c solutions to an emi�er/material combination. For example, embedding sin-

gle molecules into heterogeneous refractive index structures has increased the collection

e�ciency of photons to >99 %, such that almost all photons coming from the source can

be used [36]. �antum dots in photonic crystal waveguides showed near unity coupling

e�ciencies [37]. Emi�ers embedded in optical cavities with high Q-factors and small mode
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volume enhance the spontaneous decay rate into a de�ned mode, so that a larger fraction

of the photons can be collected at designated outcoupling ports [25]. Single molecules cou-

pled to plasmonic modes have been proposed as nonlinearities on on-chip structures [38].

�e plasmonic interaction is typically stronger due to the highly con�ned electric �elds, so

that much higher coupling can be achieved. Even strong coupling to such modes is being

investigated o�ering a plethora of new applications, like the plasmon laser (spaser) and

single molecule transistors [39]. Emi�ers near metallic surfaces interacting with surface

plasmon excitations o�ers a path to increase the interaction between photon and emi�er

[40], however with the drawback of introducing signi�cant absorption losses in such metal

structures.

Lastly, plasmonic nano-antenna structures o�er broadband radiation enhancement and

redirection capabilities. Some designs have even reached the strong coupling regime [41].

Yet the precision requirements for the emi�er placement near such structures and the in-

trinsic loss-channels and quenching rates inhibit some of the performance advantages [42].

�erefore, optical micro- and nano-structures are required especially for already e�ciently

radiating emi�ers.

Research on photonic elements and single emi�er properties remains a prerequisite be-

fore the full potential of those promising quantum applications can be harnessed by pho-

tons. Many emi�ers, antenna designs, and intergrated structures are conceivable and eli-

gible, yet their combinations have advantages and short-comings. Much work remains to

be done to identify the best candidates for each quantum application.

Outline of Thesis

�e experiments reported in this thesis pursue the goal of e�ciently integrating single

photon sources in on-chip photonic structures. For this ma�er, both the single photon

source and the photonic structures are considered in detail. �is thesis was guided by the

e�ort of evaluating light sources for integrated quantum information processing devices

and exploring possible photonic micro-structures to accomodate single photon sources.

For this ma�er, defect emi�ers and molecular emi�er systems are compared and studied

individually for their potential applicability as single photon sources. As the photonic

system, two waveguide types are designed and optimized based on numerical simulation

results and tested in subsequent measurements.

In chapter 2, the concepts and theoretical tools of single photon emission and detection

will be introduced with a focus on defect centers in solids and organic molecules. �e

chapter then derives the dynamics of a single photon emi�er in a resonant electric �eld. By

solving the optical Bloch equations, insight is gained about the dephasing of a molecular

transition due to the interaction with its environment.

In the following chapter 3, the coupling of a two-level system to a waveguide mode is

discussed theoretically. A�er the derivation of the formalism of such a light-ma�er inter-

action, waveguides based on silicon nitride on a silicon dioxide substrate are presented and

discussed in terms of the coupling e�ciencies of a nearby two-level system. �is chapter
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then also discussed the free-space coupling and a grating coupler is simulated to couple a

guided mode with the laboratory’s free space optics. Lastly, a fabricated chip with waveg-

uides and grating couplers is investigated and employed in coupling experiments.

�e thesis then focusses on two single photon sources based on very di�erent physics.

First, chapter 5 introduces a �uorescent defect center in zinc oxide (ZnO). ZnO nano-

particles were investigated under a confocal microscope at cryogenic temperature, where

narrow emission lines were observed for the �rst time in zinc oxide. �e study of this

defect center �uorescence allows to gain insight into complex processes within the solid

state material.

Lastly, in chapter 6, single molecules are excited resonantly at cryogenic temperatures.

At the lowest temperatures, molecules show dephasing-free and indistinguishable single

photon emission under a coherent excitation by a resonant laser. �e solution of the optical

Bloch equation matches the observed �uorescence measurements perfectly and allows

precise control of the dephasing processes of the molecule transition.



2 Quantum Emitters

In this �rst chapter, the terminology and theoretical background of single photon experi-

ments are introduced. Photon generation, detection, and measurement signature of second-

order correlation measurements are discussed. Two single photon emi�er systems are in-

troduced: point defects in solid state ma�er and single molecules. �e �uorescence spectra

at room-temperature and cryogenic temperature are described for both systems. A simple

rate equation model is su�cient to describe the �uorescence of such emi�ers. In order to

describe resonance �uorescence e�ects, a full quantum mechanical description is necessary

and therefore introduced as a tool to understand the coherence properties of a two-level

system driven by a resonant laser. Finally, optical Bloch equations describing resonance

�uorescence are solved and the solution is expressed in the measurable quantity of the

second-order correlation function.

2.1. Photons

�e notion of a photon sparks the misleading imagination of light particles, particularly

through the interpretations of interference experiments, e.g. Young’s slit measurements,

and A. Einstein’s description of the photoelectrical e�ect, which o�en cite the corpus-

cularity of electromagnetic radiation [43]. And while this convenient term is o�en used

throughout this thesis, the correct description of a photon is the elementary excitation of a

single mode of the quantized electromagnetic �eld inside a cavity. �e concept of quantized

electromagnetic radiation began in 1900, when Max Planck derived the correct spectral

distribution of the electromagnetic waves from a thermal radiation source by postulating

harmonic oscillators in the cavity with discrete energy [44]

En = n}ω , (2.1)

where n = 1, 2, 3, . . . is an integer for the multiples of the energy quanta ϵ = }ω of a

monochromatic oscillator with angular frequency ω and the Planck constant } = 2πh.

Since this idea was very controversial at the time, these energy quanta were coined by

the term photon only in 1926 [45], a�er which the quantum nature of propagating waves

started to become the accepted picture [46]. �e electromagnetic modes determine pho-

ton’s intrinsic properties, polarization, wavelength, and propagation constant, and are de-

scribed by the classical Maxwell equations. While optical phenomena based on the wave

character of photons are contained in Maxwell’s equations, the particle nature of single
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photons including creation and detection can only be covered in quantum mechanics. A

photophysical process is de�ned by the transition of an electron from the excited state |2〉

to the ground state |1〉 where a photon of energy }ω = E2−E1 is emi�ed at frequencyω. Ab-

sorption is the accordingly the reverse process, where a photon of energy }ω is annihilated

and the electron excited into the higher energy state.

2.2. Single Photon Sources

�e quantum mechanical properties of the electronic states involved in the creation of

photons are re�ected in the properties of the photons in several ways. In this section, single

photon sources are described in terms of the electronic states involved in the photophysical

process. �ere are numerous sources for single photons in the research community, but the

focus of this thesis is on the two single photon sources explored experimentally in great

detail in this work.

Single atoms and ions were studied since the early 90s [47] enabled through technolog-

ical advances in laser cooling and trapping [48]. �e electronic states of atoms serve as

a model system for other single photon sources due to their isolation from external in-

�uences, narrow linewidths and pure single photon emission. Optical investigation of a

trapped atom is a non-trivial task. Optical di�raction limits the detection volume of mi-

croscopy techniques, such that ≈3 × 10
7

atoms are in focus at ambient air pressure. Single

emi�ers generally need to be distanced from each other by at least the resolution of the

microscope. Interacting with and detection of single emi�ers is consequently not only a

technical challenge but also a sample preparation challenge.

Single atoms and ions are trapped individually in optical or electric potential traps in

ultra-high vacuum chambers. Frequency stabilized laser systems are required for cooling

the atom to low motional ground states, continuous trapping, and exciting the narrow

absorption lines. �e collection of the emi�ed photons is typically done with optics of

moderate numerical aperture, due to the geometric constraints of the trap setup and vac-

uum conditions. �e trapped atoms are also very susceptible to electro-static noise coming

from any objects near the electric trapping potential. With such large experimental over-

head, quantum emi�ers based on atoms and ions are considered to be not scalable enough

to serve as a viable source for photonic applications. Yet, stability and control of these sin-

gle quantum systems outweigh the disadvantages, when adding the interaction between

two trapped ions. Scalable quantum computers are still sought and possibly achieved by

planar surface traps, where ions are shu�led over macroscopic distances for storage or gate

operations [49]. Another quite di�erent, but exciting approach is to use the optical �eld of

a tapered �ber waveguide to create optical traps near the �ber. �ese experiments have al-

ready showed a controlled interaction between 51 single atoms trapped in the optical �eld

of two counter-propagating modes in the waveguide [15, 50, 51].

�e requirement and demand for single photon sources that o�er potentially a scalable

implementation has driven research on emi�ers integrated in the condensed phase of mat-
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ter with �xed locations inside a material and addressable electronic states. Such ’atom-like’

systems ideally have the same optical properties but are embedded and surrounded by a

solid state matrix.

Organic dye molecules were used as single photon sources in many studies and applica-

tions due to their small size, high brightness, high quantum e�ciency, and narrow emission

spectrum. Molecular electronic states were employed in ground-breaking physics exper-

iments, such as biological markers for cell imaging [52], in superresolution microscopy

[53], in plasmonic resonator studies [54], and as a single-photon transistor [55]. �is the-

sis addresses single molecules in-depth theoretically in section 2.2.2 of this chapter and

experimentally in chapter 6.

Quantum dots are semiconductor heterostructures con�ning electrons of the solid state

material at the nanometer scale. �antum con�nement of electrons produces discrete lo-

calized bound electron states in the valence and conductance band for an electron and an in-

versely charged hole, respectively. �e recombination process of an electron-hole pair pro-

duces single photons. �antum dot exsist in two di�erent forms: Collodial quantum dots

are chemically synthesized particles of II-VI semiconductors [56] and self-assembled quan-

tum dots are islands of III-V semiconductor materials grown onto a substrate[57]. While

collodial quantum dots su�er from chaotic emission of photons [58], self-assembled quan-

tum dots show spectrally narrow and stable emission. �e advanced growth techniques

from the semiconductor industry allows quantum dots to be grown inside of optical com-

ponents, like photonic waveguides, micro-pillar cavities and resonators, further enhancing

the emission quality [27, 59, 60].

Rare-earth ions are very new on the landscape of single quantum systems. Rare-earths

(lanthanides) are an anomaly in the periodic table, since the electronic con�guration devi-

ates from the typical �lling order, i.e. the s and p-orbitals are occupied by electrons before

the lower shell is fully occupied, leaving d- and f -orbitals unoccupied, which allows in-

ner shell electrons to transition between unoccupied levels. Additionally, the inner atomic

orbitals are shielded from the atom’s surroundings by the outer spherical orbitals.

Highly doped rare-earth crystals have long-time applications in laser technology: er-

bium (Er
3+

) doped glasses are used as �ber ampli�ers and neodymium-doped y�rium alu-

minum garnet (NdY3Al5O12) is a gain medium for solid state laser systems. �e 4-f intra-

shell transitions have lifetimes in the millisecond regime. Such long coherence times are

very useful for processing and storage of quantum information. However, probing single

ions proved so far to be challenging for several reasons: very low doping concentrations of

ions in the crystals have to be used to optically address only a single ion; the long lifetime of

the optical transitions entails a very low photon count, which poses strong demand on the

detection system. Experimental resilience led to success and in 2012 �uorescence from sin-

gle prasedymium ions in a high purity y�rium aluminum granate (Pr
3+

YAG) was detected

[61, 62]. A parallel a�empt led to the �rst resonant detection of prasedymium ions in a
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y�rium orthosilicate (Pr
3+

YSO) [63, 64]. �ese challenging experiments revealed a promis-

ing single quantum system for many applications, but the low photon counts render them

unusable as pure single photon sources.

Point defects are single emi�er systems in wide bandgap materials. Single photon sources

based on such systems are an important part of this thesis and will be discussed in the fol-

lowing section 2.2.1 as well as experimentally investigated in chapter 5.

2.2.1. Defects in Wide Bandgap Materials

Crystalline materials that possess a bandgap in the visible spectrum are called wide bandgap

materials. Valence- and conductance electronic bands are typically separated by a bandgap

energy Ebg of 2 eV to 6 eV, leading to a transparent appearance of such materials. At such

bandgap widths, electrons can only be excited into the conductance band by absorption of

high energy photons, where }ω > Ebg. �ermal excitation of electrons into the conduc-

tance band is negligible, such that pure crystal samples are insulators under most condi-

tions.

Inclusions, structural defects, and vacancies break the symmetry of the crystal la�ice

and create local changes in the electronic structure. While structural defects can be mini-

mized in many cases, defects and impurities are a very common inclusion into the crystal

la�ice, adding local changes to the electronic structure by introducing electron orbitals and

creating additional electrons or additional holes. Recon�gurations of the electronic struc-

ture through impurities are readily exploited in semiconductor device fabrication, where

donor and acceptor states de�ne n-type and p-type variants of a semiconductor [65]. De-

fect electronic states in the bandgap sca�er and absorb light providing a typical coloration

of transparent crystals. If upon absorption of light, �uorescence can be detected, such de-

fects are called optically active. If a defect’s ground state and excited state lie far enough

above the valence band and below the conduction band, respectively, an electron occupy-

ing this state is trapped at the point defect site within the bandgap. �e optical transition

between the defect states absorbs and emits photons at a characteristic defect energy.

Crystals grown under pristine conditions will have concentrations of naturally occur-

ring native defects. For example, the material investigated in this thesis, zinc oxide (ZnO),

possesses several known native point defects: �e zinc vacancy VZn, the oxygen vacancy

VO, and oxygen interstitial Oi are naturally occurring defects that introduce defect states in

between the ZnO bandgap [65]. In Fig 2.1, native point defects of ZnO are shown together

with their calculated ground state energy distance to the Fermi energy, which coincides

with the valence band.

Defect states can be calculated by applying density functional theory (DFT) modeling to

the electronic structure of a crystal la�ice [67, 68]. �is method is the typical choice for sim-

ulating the defect properties in approximation. It is capable of calculating a defect ground

state energy level, charge states, and expected defect stability in the crystal material. �e

results of DFT studies lead to stable atomic orbitals and their energies. Fig. 2.1 shows the
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Figure 2.1. Illustrative example of a crystal structure and its native defects: Zinc oxide has severalstable crystal structures. The zincblende unit cell from a top view is shown here. Thezinc vacancy, oxygen vacancy and oxygen interstitials are common defects, each withits characteristic energy levels. Energy levels were calculated by Janotti and Van deWalle [66].

defect levels of native defects in ZnO calculated by DFT [66]. However, the accuracy of

the calculations can only be seen as an approximation in even the best studied materials.

One of the most researched materials, silicon (Si), cannot precisely modeled by DFT, due

to some core numerical deviations leading to deviating bandgap values [69]. �antative

predictions of defect states are therefore rarely possible. Regardless, the tool allows to ver-

ify the existence of electronic states and provides important information about the origin

of defects. �is information is required to help identifying defect systems.

Several experimental spectroscopic methods support DFT studies and help identifying

defect states. Absorptive techniques, such as photoluminescence (PL) measurements, serve

as a tool to spectrally identify defects in wide bandgap materials. By controlling the growth

parameters and dopant concentrations, changes in PL spectra of di�erent samples can in-

dicate the origin of the �uorescence. Electron paramagnetic resonance (EPR) and optically
detected magnetic resonance (ODMR) measurements are important methods to determine

the defect structure given through unpaired electrons occupying defect levels. For this,

spin states of an electron are split in a static magnetic �eld and spin resonances driven

applying a radio-frequency �eld. For matching static and dynamic �elds, the absorption of

electrons in a crystal can be detected, which provides information about the defect struc-

ture. �e spin-resonance signals consist of ensembles of defect electrons absorbing from

the applied �elds. Single defect center resonance measurements typically require optical

means to ensure the interaction with a single quantum system. In order to work with sin-

gle point defects, ultra-high purity crystals have to be grown under controlled conditions.

While crystal growth facilities control purity levels at parts per million (ppm = 1 : 10
6
) at

ease, crystals with purity levels of parts per billion (ppb = 1 : 10
9
) and be�er are needed

for single defect studies [70].
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�e most common defect centers have their origin in diamond. Due to the large bandgap

of diamond (Ebg = 5.5 eV) paired with a hard la�ice, numerous defects with high stability

were identi�ed. �e nitrogen-vacancy (NV-center)[71–73], the silicon-vacancy (SiV) [74–

76] are the most common defects in diamond, which were successfully used as biologi-

cal markers [77], in cryptography [78], and in sensing experiments [79]. �e NV is the

most researched defect with well-known symmetry group and electronic structure. �e

NV-center is a composite defect between a carbon vacancy and a nitrogen substitution

exhibiting a C3v symmetry which leads to four electronic states: the
3A2 ground state,

3E

excited state, and the two intermediate states
1A1 and

1E derived from molecular orbital the-

ory and nomenclature [80]. �e SiV is a double vacancy combined with a silicon impurity

atom located in between.

�e long lived spin states make the NV center very useful for quantum information ex-

periments [72]. More defect centers in diamond are being introduced, e.g. a nickel defect

centers in diamond [81], or germanium defect centers in diamond [82] but it typically re-

quires many completed studies to con�rm the origin and involved electronic states, before

defects are employed in complex applications.

Silicon carbide (SiC) is another crystalline host material with a large bandgap (Ebg =

3.2 eV) to support defect states. �e carbon antisite-vacancy pair is a known bright single

photon source in SiC. �e defect can be introduced into ultra pure SiC crystals by neutron

radiation and a subsequent annealing [83, 84].

Other relatively new candidates in this area are y�rium orthosilicates (Y2SiO5) (Ebg =

6.1 eV) and two-dimensional materials. Hexagonal boron nitride (hBN) has a bandgap of

>6 eV [85, 86] and a group of defects with yet to be determined origin introduces stable

single electronic states within the bandgap. Single photons from hexagonal boron nitride

showed exceptional brightness and stable narrow emission at cryogenic temperatures [87].

Single Photon Properties

A�er discussing the origins of defect centers in crystals, the properties of the electronic

states and transitions are presented in this section. �e electronic structure of a defect and

the band structure of the crystal are considered separately since the energetic separation

between the electronic states cannot be bridged by any internal processes in the crystal.

Defect electrons therewith have a zero probability to make a transition between the crystal

band structure.

Optically, only the spectral region within the energy of the bandgap }ω < Ebg is consid-

ered in the following. �e absorption of light by the defect electrons results in a distinct

transmission spectrum for the host crystal. �is process gives defects the name color center.
�e electron in the excited state decays into the ground state by emi�ing a photon a�er an

average lifetime of T1. Transitions to intermediate states usually include a recon�guration

of the spin state of the electron. Similarly, the subsequent transition to the ground state is

again accompanied by non-spin conserving transition. �e lifetime is therefore typically

100 to 1000 times longer and the luminescence from such a transition is called phosphores-
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cence. For the pure single photon emission process, any extra energy levels have a neg-

ative impact, since not all excitations result in a direct relaxation into the ground state.

�e emi�ed light from the relaxation process has a spectral width given by the lifetime of

the electronic state T1 and the pure dephasing T ∗
2

that randomizes the coherence between

ground and excited state. Phonon coupling and trapped charges in the vicinity of a defect

center add to the dephasing of electronic transition, which generally has a negative impact

on the usability of a defect in quantum information processing. Since these e�ects broaden

the spectrum of any defect in the host, this is called homogeneous broadening.

�e full width half maximum (FWHM) of the homogeneous broadened linewidth of the

transition is given by the reciprocal lifetime T1 and the reciprocal dephasing T ∗
2

of the

system, as shown in Eq. (2.2).

∆νhom =
1

πT2

=
1

2πT1

+
1

πT ∗
2

(2.2)

�e smallest linewidth that can be observed is the natural linewidth ∆νnat = 1/2πT1 =

1/πT2. �e natural linewidth can only be measured in atoms and ions. Photons emi�ed

with a natural spectrum are called indistinguishable. In solid state systems the linewidth

is further broadened by strong dephasing due to electron-phonon coupling, which scales

strongly with temperature. Cryogenic temperatures are therefore needed to achieve indis-

tinguishable photons from such systems [88, 89].

Electron-Phonon Interaction

�e motion of the atoms of the crystal la�ice is distributed over discrete optical and acoustic

phonon modes. Excitations of such modes are thermally occupied and propagate along

the crystal la�ice axes. At ambient temperatures the phonon modes overlap and multi-

phonon excitations mix the phonon spectrum to form bands of modes. Defect centers are

immediately embedded in the crystal structure and move with the phonon motion. �e

electronic states couple to la�ice oscillations via electron-phonon coupling. New motional

PSB

wavelength λ

ZPL

αDW= IZPL (IZPL + IPSB)-1

∆νhom

Figure 2.2. The spectrum of a single defect center is composed of a zero-phonon line and aphonon side band, originating in the electron-phonon interaction with the phononspectrum of the host material. The Debye-Waller factor αDW is the ratio of the ZPLintensity to the complete spectrum.
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states of the electronic state form, which have lifetimes on the order of picoseconds and

decay non-radiatively to the motional ground state. An electronic excitation relaxes into

the phonon side band and a photon of lower energy is emi�ed ∆Ee,psb = }ωe −}ωpsb. Long

wavelength photons can be seen in the spectrum of a defect center, as shown in Fig. 2.2.

�e phonon distribution of various materials is determined from Raman spectroscopy

measurements. Due to the broadening of the phonon modes, the phonon spectrum is com-

posed of several overlapping lines. �e interaction of the defect electron with the phonon

pool creates a phonon side band (PSB) appearing as a broad red-shi�ed peak in the �uores-

cence spectrum of the defect, as shown in Fig. 2.2. �e emission without phonon interac-

tion is called zero-phonon line (ZPL). �e ratio of photons emi�ed into the ZPL IZPL versus

photons in the PSB IPSB is called Debye Waller factor αDW and marks a crucial quantity

of a single photon emi�er.

αDW =
IZPL

IZPL + IPSB

(2.3)

�e Debye-Waller factor is a measure for the electron-phonon coupling strength. A low

αDW results in only few photons in the ZPL and a high probability of the electron inter-

acting with a phonon. �is process randomizes the phase of the electron and dephases

the coherence of the excited state substantially. Both processes have a negative impact on

the usability of the defect center as a single photon source and quantum information bit.

Typical factors are αDW = 0.027 for the NV-center in diamond [90] to αDW = 0.70 for the

silicon vacancy in diamond [91].

2.2.2. Organic Dye Molecules

Organic dye molecules encircle a large class of bright, highly quantum e�cient, and narrow-

band SPSs. One representative of this class is studied in detail in this thesis and a full chap-

ter dedicated to this emi�er (chapter 6). In order to understand the measurement results

of the experiments, in this section, molecules and their optical properties are introduced.

Organic molecules have a long history and a special fascination, since they play an im-

portant role as dyes, which impact today’s lives in many subtle ways. �e �rst synthesized

dye molecule was mauveine. William Henry Perkin found this purple dye in the year 1856

a�er looking for a synthetic version of quinine, the �uorescing molecule, which gives tonic

water its neon color under UV-light illumination. Mauveine became particularly popular

when �een Victoria wore a silk gown dyed by mauveine at the Royal Exhibition of 1862

in London. Today, there are countless dye molecules used for commercial purposes.

Molecular orbitals are the basis of the electronic level structure, which leads to highly

e�cient strong transition lines. �e absorption wavelengths of molecules lie within the vis-

ible spectrum of light from 400 nm to 800 nm. Higher optical transition are not observable

from molecules, since they reach the dissociation energies of the atomic bonds between

the atoms composing a molecule. And lower photon energies coincide with the vibrational

modes of molecules. Size and absorption spectrum of a molecule are directly related, such

that the absorption maximum shi�s to longer wavelengths for larger molecules. Fluores-
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cent molecules used as single photon emi�er, biological marker, or other applications o�en

belong to the class of aromatic molecules. �e chemistry involved in making �uorescent

molecules is very advanced and used in research to tune molecule absorption and emission

to any wavelength desired, e.g. to interface the emission with an atomic transition [92].

�e molecular structure can also be optimized to full�ll a speci�c purpose, for instance as

a biomarker [93], or as a probe of local electric �elds by halogen substitution [94]. A rec-

ommended read on single molecule emi�ers are the minutes of the Faraday discussions

between Orrit et al. [95], which discusses recent applications of single molecules em-

ployed as local probes. �e basis of all modi�ed molecular emi�ers are aromatic molecules

however, which will be described in the following.

Aromatic Molecules

�e class of aromatic molecules share a common structural principle together with a molec-

ular orbital con�guration. �e classi�cation comprises molecules with a planar cyclic ge-

ometry and (4n + 2) p-orbitals participating in the molecular bond (Hückels rule). �e

benzene molecule (C6H6), shown in Fig. 2.3, is a prominent example. In order to under-

stand the chemical stability, its helpful to �rst consider the covalent bond of two carbon

atoms. �e carbon-carbon bond is a double bond composed of a σ -bond and a π -bond

in the valence bond theory. Since a single carbon atom in its ground state con�guration

1s2s2
2p2

has two p-orbitals and only one is needed for the double bond, the 2s shell elec-

trons hybridise with the remaining p-electron to form three sp2
mixed orbitals.

Atomic p-Orbitals in
sp2 hybridization

Molecular π-Bond
with delocalized 
electrons

+

-

+

-
sp2

p-orbital

+
π-bond

σ-bond

Figure 2.3. Two carbon atoms in a sp2 hybridised configuration bond through a σ - and a π -bond.The class of aromatic molecules gains its exceptional stability due to the delocalisa-tion of the π -bonds of the p-orbitals of six carbon atoms in a circular plane (left side),which form a cyclic π -bond with delocalized electrons (right side).
�e hybridisation is shown in Fig. 2.3. In this con�guration a sp2

orbital participates in

the σ -bond and the p orbital in the π -bond. �e two open sp2
orbitals can now be closed
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by hydrogen atom bonds or carbon atoms to form the cyclic structure of benzene. For

the six carbon ring, three total π -bonds transition to a single shared delocalized hybrid

π -orbital, where the π -bond electrons are a delocalized electron cloud over the area of ben-

zene planar ring geometry. Electrons occupying this molecular orbital have a wavefunc-

tion, which spans the full ring. �is con�guration has exceptional stability and is extremely

inert to chemical reactions, a property that all aromatic molecules share. Most polycyclic

molecules, which are multiple or series of benzene rings, e.g. naphtalene, anthracene, and

pentacene, belong to this group sharing similar unique properties.

Unfortunately, the chemical resistance and stability of such molecules is very dangerous

to the experimenter and precautions have to be adapted when handling such chemicals.

Molecules with aromatic properties are some of the most toxic, carcinogenic. Its their

persistence and slow degradation have been shown to cause many health problems and

even cancer [96].

Electronic Structure and Transitions

In the electronic ground state con�guration, paired electrons �ll the bonding molecular

orbitals (MO) while antibonding MOs are empty. �e �rst excited state of a molecule is a

state, where one electron is removed from a bonding MO to the lowest antibonding MO

or lowest unoccupied molecular orbital (LUMO), while conserving the spin. Higher excited

states are corresponding occupations of higher antibonding MOs. �e molecules ground

state |S0〉 and excited states |S 1,2,3, ..〉 are singlet states with a total spin of zero. �e elec-

tronic con�guration of the molecule, where one electron spin is �ipped and the total spin

is equal to one, is called triplet state. Molecular triplet states have a higher energy than

the ground state but lower than the �rst excited state. �e Jablonski diagram of typical

electronic states of a molecule is shown in Fig. 2.4. �e electron in the �rst excited state

can decay into the ground state or transition via spin-orbit coupling into the triplet state.

�e la�er has typically a very low probability but also has a long lifetime which is 3 to 4

orders of magnitude longer, since the electron undergoes a spin conversion.

S0
0
1
2

S1
0
1
2

S2
0
1
2

T1
0
1
2

ISC

Phosphorescence

Fluorescence

Figure 2.4. A typical energy level diagram for molecular single photon sources depicts the groundstate |S0〉 and several excited states |S1〉 , |S2〉 , ..., together with the vibrational exci-tations ν = 0, 1, 2, . . .. A molecule in it’s excited state can also decay into the tripletstate |T1〉, a long lived molecular state with two aligned electron spins.
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When an electron changes its state and occupies a di�erent MO, e.g. from the highest
occupied molecular orbital (HOMO) to the LUMO, the charge distribution between the MOs

is altered and the molecule’s nuclei con�guration will be change accordingly by reposition

the zero-point of the molecules nuclei coordinate (o�en described by the parameterq). �is

process is called internal conversion (IC) and it generally shi�s the local minimum of the

electronic potential. Due to the rigidity of aromatic molecules, electronic transitions have

a lesser impact on the molecule structure, which results in strong optical transitions.

Molecular Vibrational Modes

A molecule possesses intrinsic degrees of motional freedom, as opposed to defect centers,

that are �xed at their location in the crystal la�ice. In the infra-red wavelength region,

rotational and vibrational modes are responsible for the absorption of light. �e energy

spectrum, typically expressed in wavenumbers (cm
−1

), for the motional modes ranges from

0.1 cm
−1

to 5000 cm
−1

with rotational modes at the lower end of the spectrum from 0.1 cm
−1

to 10 cm
−1

and vibrational modes at the higher energy of about 100 cm
−1

to 5000 cm
−1

.

Higher energies can even produce combinations of vibration and rotation modes. �e

vibrational modes of molecules have several origins: intrinsic excitations of the atomic

motion, torsion or distorsion of parts of the molecule, and compressions of the molecule

structure (’breathing’). �e complete mode spectrum is unique to the molecule and at room

temperature the vibrational modes are thermally activated.

�e normal vibration modes ν̄i are denoted from the lowest to the highest i = 0, 1, 2, . . ..

�e relative thermal occupation of vibrational modesni follows the Maxwell-Boltzmann

distribution [97]:

nj

ni
= e−∆ϵ/kBT , (2.4)

where ∆ϵ is the energy di�erence between the vibrational modes and kB the Boltzmann

constant. �e electronic states follow the vibrations nearly instantaneous since the atomic

movements are much slower than the electron moves in the nuclear potential. �erefore

the electron couples to the motional states of the molecule and the wavefunction describ-

ing the electronic state is a combined wavefunction which is labeled |S
j
ν̄i 〉, where j is the

electronic state denominator.

Electronic Transitions

In the Born-Oppenheimer approximation, the total wavefunction of the molecule state

ψtotal can be separated into the vibronicψν and electronic partψe , such that

ψtotal = ψνψe . (2.5)

Since electronic transitions are at much faster time scales than compared to the movement

of the atomic cores. Absorption (10 × 10
−15

s), internal conversion (10 × 10
−12

s), and �uo-

rescence (10 × 10
−9

s to 10 × 10
−8

s) complete long before the atomic cores can change their

position. �erefore, the dipole operator
ˆd of the electronic transition only applies to the
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electronic wavefunction. �is means that no momentum is transferred during a transi-

tion of an electron through the motion of the atoms. �is principle is called the Franck-

Condon principle and it explains that electronic transitions occur independently of the

vibrational occupation of the molecule state [98].

Due to the quasi instantaneous transition of the electron, the electronic potential is

changed, but the motional state of the atoms remains unaltered. �is corresponds to a

vertical excitation in the energy diagram between to electronic molecule potentials, as

seen in Fig. 2.5. �e probability of an electronic transition depends on the similarity of

the nuclear motion of the �nal state and the initial state. �e dipole moment operator

evaluated by 〈ψ
′

νψe |
ˆd |ψνψe 〉 acquires a new factor, which is the overlap integral between

the two wavefunctions of the vibrational state

∫ ∞
−∞

ψν ′ψνdτ . �e overlap integral is called

Franck-Condon factor αFC (FCF) . �e FCF determines the relative strength of a molecular

transition between electronic states and their vibrational modes.

q

E

0
1
2

0
1
2
3

S0

S1

q0 q1

Figure 2.5. Description of the Franck-Condon principle: The potential of the electronic groundstate and an excited state changes because the different π -electron distribution al-ters the molecule’s nucleii configuration, denoted by q the normalized molecule co-ordinate. Electronic transitions occur, where the wavefunctions of the vibrationalstates overlap.

Electron-phonon coupling during a transition from the excited state to the ground state

results in a phonon side band (PSB), as described in the transitions of electrons in a solid

state crystal. �e PSB is also observable in a molecule spectrum and a Debye-Waller

factor αDW can be assigned, as introduced in section 2.2.1, Eq. (2.3).

�e vibrational modes of a molecule have much higher energy gaps than the modes

of the PSB and each vibrational state can also interact with its immediate environment

creating additional PSBs for each state. In the non-resonant excitation scheme, the ground

state is excited into the �rst or second excited states vibrational states from where they

decay to the lowest excited state without emi�ing light and within a very short timescale

at the order of picoseconds. �e electron then decays to the ground state or one of the

vibrational modes of the ground state.

Accordingly, another �gure of merit is de�ned by the branching ratio, which is the ratio

of decays between the motional ground state of the excited state |S1

0
〉 to the ground state

|S0

0
〉 over the sum of all decay paths. Raman sca�ering measurements are suited to measure

the intrinsic normal modes of molecules, where a laser of frequency ν0 coherently interacts
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with the molecular vibration and creates light waves of frequencies (ν0 ± ∆νi ). �e higher

frequency part of the sca�ered electric �eld is called Anti-Stokes peak and the lower

part Stokes peak. �e Stokes peak is generally of higher intensity in Raman spectroscopy

experiments. In the experiments, presented in chapter 6 the vibrational modes of single

molecules embedded in a crystal are used to excite the ZPL o�-resonantly with a laser beam

that is detuned by the strongest vibrational mode of the molecule. For such an excitation,

a laser source would be detuned to the transition from the electronic ground state to the

�rst excited state’s vibronic state three (S
0

0
→ S

1

3
), see in Fig. 2.5.

Absorption Emission

PSB

λ

ν1

ν2

ν0

Figure 2.6. Absorption and emission spectrum of a molecular emitter. The vibrational modes (ν0,
ν1, ν1) couple to the electronic transitions, which also couple with the host materialsphonons to create PSB.

�e rigidity of dye molecules results in high Debye-Waller factors from 0.5 to 1. It

means that a large fraction of the emi�ed �uorescence photons are in the narrow spec-

trum of the ZPL transition, which is desirable for single photon sources. If the ZPL’s

spectral width is furthermore lifetime-limited, indistinguishable photons are emi�ed by

the molecule.

�e line shape of the emi�ed light spectrum follows a Lorentzian distribution since

the Fourier transformation of an exponential relaxation process is a Lorentzian function.

�e intensity distribution as a function of the frequency ν and the full width half maximum

(FWHM) of the homogeneous broadening ∆νhom is given by:

I (ν ) =
1

4π 2

∆νhom

(ν − ν0)
2 + (∆νhom/2)

2
, (2.6)

where ν0 is the center frequency of the ZPL transition. �e natural linewidth is limited by

the Heisenberg uncertainty principle for the two conjugated variables energy and time.

An excited state lifetime of 2 ns results in a ≈160 MHz-narrow indistinguishable single

photons. Interactions between the electronic states and molecule vibrations, as well as

phonons, further broaden the natural linewidth through randomization of the phase be-

tween the excited and the ground state. Most emi�er systems can only reach this limit at

very low temperatures. Single molecules in crystals require at cryogenic temperatures be-

low 4.2 K to reach their natural broadened linewidth. Phonon excitations are still present

at such temperatures, but the ZPL is not broadened, since dephasing and broadening of
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the ZPL is a second-order coupling e�ect of phonons, i.e. two-phonon sca�ering [99–102].

At cryogenic temperatures the occupation numbers of phonons is not high enough for

second-order processes to occur. At higher temperatures, however, dephasing broadens

the linewidth of the transition considerably.

�e microscopic environment around a molecule determines the center frequency of the

transition. �e crystal density, the orientation of the molecule in the crystal and crystal

strain shi� the center frequency ν0 of the transition. �e ZPLs of an ensemble of molecules

are distributed over the inhomogeneous linewidth span due to the di�erent locations and

environments of each molecular emi�er within the material. �ese �uctuations are di�er-

ent for each emi�er and the distribution is a Gaussian function. Additionally, a molecule’s

center frequency can be shi�ed by an electric �eld. �e Stark e�ect can shi� the ZPL up

to 1 GHz V
−1

[92].

A molecule in the excited state has some probability to decay into the triplet state T
0
.

Such a transition is spin forbidden, as the spin of one electron has to �ip. Due to spin-

orbit coupling of the electron, however, this transition is weakly allowed and intersystem

crossing (ISC) into the triplet level is possible. ISC of an excited molecule to the long lived

triplet ground state S
1 → T

0
is causing the molecule to be in a dark state, where for an

average duration of the triplet level lifetime the molecule does not emit any photons. �e

o�en observed and cited blinking behavior of the �uorescence count rates is a direct result

of the ISC.

�e relative rates for IC (S
n → S

n−1
) and ISC (S

n → T
n

) -transitions are very di�er-

ent from molecule to molecule and very sensitive to their phase and environment. It has

been shown that ISC-rates are nearly non-existent for molecules in most organic molecu-

lar crystals. On the other hand, it is known that paramagnetic ma�er (NO, O2, Hg, Kr, …)

or very large molecules a�ect the spin-orbit coupling and therewith increase the ISC rates

drastically [103].

Host Matrix

Embedding dye molecules into a host matrix protects them from chemical in�uences, such

as free radicals, which can lead to oxidation of the dye molecule. While the aromatic

molecules investigated in this thesis are inert against chemical reactions, the carbon-hydrogen

bonds of the polycyclic molecules are easily replacable by polycarbon groups through ther-

mal processes or absorption of UV-light. Such a�ached groups change the optical prop-

erties of the dye molecule by shi�ing the wavelength of the optical dipole transition or

extinguish the dipole completely. �e molecule is then said to have bleached, since the �u-

orescence signal fades due to this process. Bleaching varies for each molecule, but in a few

cases the direct causes can be identi�ed in detailed studies [104]. A molecule in its excited

state can transfer energy to the excited state of an impurity in the vicinity, a process called

�uorescence resonance energy transfer (FRET). �e triplet level plays a major role in this

constellation as it can mediate a FRET process. �e transferred energy triggers the oxida-

tion of the donor dye molecule, which subsequently bleaches [104]. �erefore the quality
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and purity of the host matrix is directly a�ecting the lifetime and optical quality of the dye

molecules within the crystal. One important step in the sample preparation is the detailed

avoidance of oxygen contamination, since oxygen inclusions into the crystal are a main

driver for the bleaching of dye molecules.

Any host that encloses the dye molecule and hinders any kind of penetration from at-

mospheric chemicals can be seen as a useful protection and stabilizer of the quantum sys-

tem. �ere are however di�erences in the optical properties of the quantum system, when

inserted into di�erent hosts. Possible hosts are polymers, molecular crystals, solid state

crystals. �e combinations of hosts and guest molecules are evaluated by their optical

properties and experimental usability. Physics and chemistry research groups have syn-

thesized and analyzed di�erent compounds and many are used in parallel depending on

the requirements for the experiment. �e main categories of host matrices are polymers,

molecular crystals, and Shpol’skii matrices, which are discussed brie�y in the following

paragraphs and summarized in Tab. 2.1.

Guest Host ZPL λ0 τrad ∆νFT ∆νhom Refs.

(nm) (ns) (MHz) (MHz)

DBT napthalene 757.7 27 [105]

anthracene 785.2 3.7 43 45 [106–108]

pDCB 744.3 31.8 [109]

DBATT n-hexadecane 589.1 9.3 17 14.3 [110]

pentacene p-terphenyl 592.3 7.8 [111]

napthalene 602.8 29 [99, 112]

terrylene anthracene 580 3.0 53 50 to 500 [99, 113]

p-terphenyl 578.5 48.1 [114]

Table 2.1. Host-guest molecule combinations employed in the literature and the optical proper-ties of the electronic transition. The host molecule determines the ZPL center wave-length λ0 and the measurable homogeneous broadening∆νhom of the ZPL at cryogenictemperatures. The Fourier limited linewidth based ∆νFT is provided based on the mea-sured excited state lifetime τrad.

Polymers are large molecules of an elongated chain shape, e.g. polythene (PE), polyvinyl

butyral (PVB), and acrylic glass (PMMA) were successfully used in single molecule spec-

troscopy [99]. Such molecules form mixed amorphous and crystalline regions when solid-

ifying from a melt. Dye molecules are mixed into the melt before the sample fabrication,

allowing for a controlled emi�er density in the �nal sample. Melting temperatures can be

as low as 60
◦
C and allow for several sample preparation techniques, e.g. capillary re�ow

of molten samples [115] or spin casting. �e observed homogeneous and inhomogeneous

linewidths in polymer samples is rather on the broader end of the possible spectrum, with

∆νhom ≈ 100 MHz to 300 MHz and ∆νinhom. ≈ 1 THz to 10 THz [99, 116].
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Molecular crystals are crystalline solids formed by smaller and shorter molecules. van

der Waals forces a�ract the molecules and create the crystal bonds. �e la�ice energy

is minimized by a packing of molecules with the most possible van der Waals atom-atom

connections. �is is usually a highest density packing, o�en reached under creation of

la�ice symmetries, where more than one molecule form the unit cell of the la�ice [117].

Guest molecules are hosted in molecular crystals, like impurities in the atomic pendent.

Molecules which are geometrically similar to the host molecule may be incorporated and

occupy crystal sites by substituting the host. By closely ��ing into one or several la�ice

sites, the la�ice energy is nearly conserved. �e optical properties of the host crystals is

determined by the optical properties of the participating molecules. �e host molecules

ideally absorb light at very short wavelengths, while the guest molecules have absorp-

tion bands at longer wavelengths. A host crystal then appears transparent in the visible

light spectrum below the absorption band. Potential host molecules are therefore small

molecules, since they have an absorption maximum in the blue-UV spectrum and o�er a

transparent environment for guest molecules with an absorption in the red to near-infrared.

�e central frequency of a guests electronic transition is a result of the coupling to the host

crystal. �e insertion orientation and introduced crystal strain directly a�ects the optical

properties of the guest. It determines the coupling e�ciency to the host crystal phonons

and the inhomogeneous broadening linewidth of an ensemble of guests within the crys-

tal. Molecular crystals have several advantages in this regard. �ey have de�ned insertion

sites for guest molecules, such that the inhomogeneous broadening is much narrower than

for polymers ∆νinhomo. ≈ 10 GHz to 100 GHz. Additionally, the ZPLs are o�en lifetime lim-

ited since the coupling to the crystals phonons is small. �e e�ect of the host on a guest

molecule is substantial: DBT in naphthalene shows a ZPL emission at 757.7 nm [105], and

in anthracene at 785.2 nm [106]. Such a tunabilty of �uorescence o�ers great experimental

freedom for choosing the best host-guest system in certain applications.

Shpol’skii matrix systems are another common technique to encapsulate dye molecules

into a rigid structure and protect against external in�uences. Polycyclic aromatic hydro-

carbon solutions (tetradecane, hexadecane, …) are submerged rapidly into a coolant and

shock-frozen. Shpol’skii matrices show very narrow inhomogeneous broadening, since

the fast cooling results in very uniform environments for the dye molecules [99].

�is closes the introduction of single photon emi�er systems. A solid state defect center

in zinc oxide is characterized in detail in chapter 5. �e unique properties of molecules are

employed in chapter 6, where the lifetime limited ZPL allows to directly map the dephasing

of the guest molecule in the host crystal la�ice. For these measurements the single photon

detection and excitation is explained in the following section.

2.3. Single Photon Detection

�is section discusses the measurement techniques which are used to investigate a quan-

tum two-level system. Radiative rates and upper state populations are experimentally only

accessible through the emi�ed photons. In confocal microscopes photons are collected by
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a macroscopic optical system and then imaged onto a detector. Signals of single quantum

systems are one of the smallest to measure experimentally, the noise of the environment

and sizes of emi�ers far below the di�raction limit pose a di�cult challenge to the collec-

tion and detection of single photons.

�e detection of single photons is a destructive process, where a photon is absorbed in a

material and subsequently creates an electron-hole pair. �e technical challenge is to elec-

tronically measure this single event amid the thermal statistical noise in the material. An

avalanche photo diode (APD) is the current state-of-the-art device for this task. A silicon

detector absorbs photons with a wavelength <1.1 µm and separates the created electron

from the hole in the valence band by an applied voltage to the semiconductor material.

�e accelerating electron gains enough energy in the electric �eld to collisionally release

another electron in the material. A�er several iterations of this cascaded process, a measur-

able electrical pulse is created by a single absorption event. �ermal and electrical noise

can both trigger this process without the arrival of a photon, and the absorption of the

detector chip limits the detection e�ciency. Typical are e�ciencies between 30 % to 70 %.

�e intrinsic noise of the detector results in many false pulses. �e dark count number is

about 150 counts/s for the APDs used in this work, which can be considered a high count

rate for some experiments, where only a few photons per second are detectable.

A severe technological challenge is the dead time of APDs a�er the detection of a single

photon. �e created electron avalanche needs to be drained completely before the detector

is ready to measure a new event. During this refresh time, any other photons arriving at

the detector can not be detected. �e duration is of the order µs, i.e. much longer than

the average time between two photons, and the �rst reason, why we cannot use a single

APD detector for the characterization of a single photon emi�er. �e second reason is that

the detection is a non-photon-number resolving process and the detector is not able to

discriminate how many initial photons were present when the �rst electron-hole pair was

created in the material. Multi-photon and single-photon events give the same electrical

pulse and the same dead time from the APD detector.

New detector designs, like superconducting nanowire detectors and APDs with intel-

ligent electronics, push the current limits of detection e�ciency and noise levels as well

as introduce photon-number resolving capabilities. A review article wri�en by Eisaman

et al. in 2011 contains much more details on this technologically interesting topic than can

be covered here [30]. Due to the inability to characterize single photons of a light source

directly by a single detector, a correlation measurement has to be conducted.

2.3.1. Second-Order Correlation Function

By using a 50/50 beam spli�er in the detection path, the �uorescence signal is split into

halves. Each half is then detected by an APD. An interferometer consisting of beamspli�er

and two detector was �rst described byHanbury Brown andTwiss, which gives this setup

the name HBT interferometer. �e setup provides two measurement methods to compute

the second-order correlation function of the �uorescence signal.
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In the start-stop method, a detected photon of APD 1 starts a timed measurement and

the next following detected photon of APD 2 stops the measurement. �e result of this

measurement is a time delay τ , which is repeatedly measured sorted in a histogram C(τ ).

When the delay τ corresponds exactly to the time di�erence of the two arms of the inter-

ferometer, then the histogram should have no entries and show a dip, because a photon

at the beamspli�er either takes one of the two paths to one detector and never both. C(τ )

therefore corresponds to the probability p
(
τ
��
0

)
to detect a photon at time t = τ when a

photon was detected at time t = 0.

By recording and storing the photon arrival times in both arms of the HBT, a computer

can calculate a�er the measurement the more general probability p
(
t + τ

��t ) , which is the

probability of any two photons detected with a time di�erence τ instead of two consecutive

ones. �e correlation histogram C(τ ) depends in such a form on the measurement duration.

�e correlation function is however normalized by

CN(τ ) = C(τ )
nT
N1N2

, (2.7)

where nT is the total number of time bins of the histogram and N1 and N2 are the count

rates on detector 1 and 2, respectively [118]. For low count rates in the two arms, CN (τ ) is

equal to the second-order correlation function д(2)(τ ) [56].

�e classical second-order correlation function is a description of the intensity �uctua-

tion of light and is the average of the product of the intensities 〈I (t)〉 and 〈I (t + τ )〉 mea-

sured at two instants of time with a delay of τ averaged over a time period, that is longer

than the coherence time of the light [97]. �e second-order correlation function д(2)(τ ) for

non-classical electromagnetic �elds is found by expressing the �eld intensity I (t) in terms

of the electric �eld observable Ê of the quantized electromagnetic �eld. Following many

common textbook approaches, e.g., �e quantum theory of light by Loudon [97], the electric

�eld operator can be expressed by the two conjugate operators Ê+ and Ê− [119]:

Î = Ê+(r , t) · Ê−(r , t) =
∑
i

E2

i â
†
i âi , (2.8)

where â† is the electric �eld creation operator of the i-th optical mode, â is the correspond-

ing annihilation operator and E the electric �eld strength. �is expression corresponds

also to the classical expectation

〈ψ | Î |ψ 〉 =
∑
i

E2

i 〈ψ | â
†
i âi |ψ 〉 , (2.9)

where the mean intensity of a quantum state equals the electric �eld energy.
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�e second-order correlation function can therefore be wri�en as

д(2)(τ ) =

〈
: Î (t)Î (t + τ ) :

〉〈
Î (t)

〉
2

(2.10)

=

〈
Ê−(t)Ê−(t + τ )Ê+(t + τ )Ê+(t)

〉〈
Ê−(t)Ê+(t)

〉
2

(2.11)

=

〈
â†(t)â†(t + τ )â(t + τ )â(t)

〉〈
â†(t)â(t)

〉 〈
â†(t + τ )â(t + τ )

〉 , (2.12)

where : . . . : denotes the normal and time ordering of the �eld operators. �e second-

order correlation function can be easily calculated for coherent quantum states, which are

eigenstates of the annihilation operator:

д(2)(τ ) = 1 . (2.13)

Coherent light from a monochromatic laser has such a homogeneous correlation function,

where д(2)(τ ) = 1 for all delays τ . Light emi�ed from a single photon source is described

by Fock states |ni 〉, which are the eigenstates of the radiation Hamiltonian describing the

quantized electric �eld modes. �e eigenenergy of the eigenstates is proportional to the

number of photons occupying the electric �eld mode, hence the name photon number

states:

〈ni | Hrad |ni 〉 = }ωi (ni +
1

2

) (2.14)

Accordingly, the creation and annihilation operators create and destroy a photon in the

electric �eld mode [97], and the second-order correlation function can be calculated at

zero-delay by introducing the variance of of the photon numberV (ni ) =
〈
(â†â)2

〉
−

〈
â†â

〉
2

:

д(2)(τ = 0) =
〈ni | â

†(t)â†(t)â(t)â(t) |ni 〉〈
â†(t)â(t)

〉 〈
â†(t)â(t)

〉 (2.15)

= 1 +
V (ni ) − n̄i

n̄2

i
(2.16)

= 1 −
1

n̄i
(2.17)

Since the varianceV (ni ) = 0 of Fock states is zero, this relationship practically means that

a single photon state |n1〉 has an antibunching dip depth of д(2)(0) = 0 and the two photon

Fock state |2〉 a value of д(2)(0) = 0.5. �is lower-bound result discriminates a single

photon source from any other source, since only a single emi�er allows theoretically the

detection of normalized correlation below 0.5 at zero delay. Such a measurement result

is frequently provided in the quantum optics community as an indicator that a measured

correlation function with д(2)(0) < 0.5 can only originate from a true single photon emi�er.
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Influences on Correlation Measurements

Several practical details have to be taken into account when working with a measured C(τ )

function. �e start-stop correlation method produces a histogram, where the probability

for long time delays τ is lower than for shorter periods, since only two consecutive photons

create a data point in the histogram. �is leads to an exponentially decaying �lling of the

histogram. By ��ing an exponential function to the measured histogram, the measurement

is normalized by dividing through the �t.

Another important in�uence has the time ji�er of the electronics, that transmit the de-

tected pulse from the APDs. While using the HBT the timing resolution is much lower

than the dead time of the APD [120], the electronics compromise the resolution of the cor-

relation function. �erefore the system response or internal response function (IRF) of each

setup is measured, whose width gives information about the ji�er of the electronics. �e

width of the IRF was measured to be around 1 ns. By deconvoluting a Gaussian function

from the measurements of C(τ ), the IRF can essentially be separated from the correlation

of the single photon source.

Background counts contribute negatively to the dip depth of the antibunching dip and

generally decrease the dip depth. Perfect anti-bunching dips are only observed in sys-

tems with very good signal-to-noise ratios of the �uorescence signal, where the number of

uncorrelated photons in the measurement is minimized. �e detector response time also

convolutes the measured correlation function yielding impaired anti-bunching dip depths.

Despite the veri�cation of the single photon character of a �uorescence signal, the shape

of the correlation function allows us further to make statements about the photophysical

process and determine the number of electronic states involved in the process. �is will

be used throughout the thesis and is an important concept for this work, which will be

described in the next paragraphs.

2.3.2. Correlation Measurement Models

A correlation function measurement of a single emi�er yields important information about

the time evolution dynamics of the excited state of a quantum system. �e �uorescence

counts of a speci�c transition, e.g. |2〉 → |1〉, are a direct measure of the excited state

population. A detected photon at time t projects the quantum system into the ground

state. �e statistical detection of a second photon a�er a delay τ is directly correlated to the

excitation of the system, i.e. the applied electromagnetic �eld, and the internal dynamics

of the emi�er, i.e. excited state lifetime τrad. As mentioned earlier in section 2.3.1, the

conditional probability p
(
t +τ

��t ) of detecting one photon at time t and a second one t +τ is

exactly corresponding to the excited state population ρ2(τ ) of the quantum system and we

can express the second-order correlation function by the excited state population at time

τ normalized by equilibrium population [97]:

д(2)(τ ) =
ρ2(τ )

ρ2(∞)
. (2.18)
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By using a rate equation model for the quantum system, the correlation function can be

expressed by the rates between each involved electronic state. Further correlations can be

present in the correlation signal of the �uorescence, which are re�ected by the transition

times between other energy levels besides the ground state.

Two-level System Rate Equations

�e simplest model is the the two-level system, whose rate equations are given by

Ûρ1 = −ρ1 · Γ12 + ρ2 · Γ21 (2.19)

Ûρ2 = ρ1 · Γ12 − ρ2 · Γ21 (2.20)

|1〉

|2〉

Γ12 Γ21

where Γ12 is the rate at which the upper state is populated and Γ21 is the spontaneous

emission rate of the excited state. Stimulated emission through the excitation is neglected

in this model, since the poplation of the excited state is created by a far detuned light

source. �e correlation function can be derived analytically by using these rate equations.

�e detailed calculations are not given here, and it is referred to text books and dissertations

[97, 121].

д(2)(τ ) = 1 − e−τ /τ0
(2.21)

with τ0 = 1/(Γ12 + Γ21). �is function shows a pronounced dip at τ → 0 and is 1 a�er the

characteristic decay time τ0 of the system. �e anti-bunching dip depends on the pump

rate and the spontaneous emission rate of the two-level system.

Three-level system Rate Equations

�e three-level system rate equations are given by

Ûρ1 = −ρ1 · Γ12 + ρ2 · Γ21 + ρ3 · Γ31 (2.22)

Ûρ2 = ρ1 · Γ12 − ρ2 · (Γ21 + Γ23) (2.23)

Ûρ3 = ρ2 · Γ23 − ρ3 · Γ31 (2.24)

|1〉

|2〉

Γ12 Γ21

|3〉

Γ23

Γ31

where ρ3 and Γ23,31 are the population of the third energy level together with its population

and depopulation rates. An analytic expression for the correlation function can also be

found in this case [122]:
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д(2)(τ ) = 1 − (1 + a) · e−τ /τ1 + a · e−τ /τ2
(2.25)

with

a =
1 − Γ31τ2

Γ31(τ2 − τ1)
(2.26)

τ1,2 =
2

A ±
√
A2 − 4B

(2.27)

A = Γ12 + Γ21 + Γ23 + Γ31 (2.28)

B = Γ12Γ23 + Γ12Γ31 + Γ21Γ31 + Γ23Γ31 (2.29)

�is function is very di�erent from the solution for the two-level system as it can have

values larger than one due to the third energy level population. Extracting the individual

transition rates between the systems sublevels is not possible with a single correlation

measurement. Additional knowledge about the excitation rate has to be inserted in order

to recover all rates.
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Figure 2.7. Simulation of the second-order correlation function Eq.(2.25) for a three-level sys-tem. The theory function is plotted for different values of Γ23, the transition rate toa long-lived intermediate state (lifetime is about 1000 times the excited state life-time). Higher transition rates result in a bunching of photons and a narrowing of theanti-bunching dip, showing the dependence between the all decay rates.

�e above considerations are based on a semi-classical picture, where the excited state

energy level is excited by an unspeci�ed excitation rate and coherence e�ects are neglected.

�is approach is typically justi�ed by a far blue-detuned excitation laser source exciting

the system into a vibrational or phonon side band at higher energy. From there the sys-

tem decays non-radiatively to the lowest excited state on a very short time-scale and the

photophysical process is repeated. For a resonantly driven system, the full quantum me-

chanical description has to be employed in order to describe the dynamics of the two-level

system that a resonant correlation function reveals. �e following section will discuss this

in detail for a two-level system. A description of a three-level system follows very similar
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considerations, but is excluded from this thesis, since all measurements were conducted

on almost pure two-level systems.

2.4. Resonance Spectroscopy

A light beam interacts with a two-level system in several ways when tuned on resonance.

Experiments showed that the emi�ed light from a quantum emi�er illuminated by such

a beam contains three core components: Rayleigh sca�ered light, inelastic sca�ering or

�uorescence, and Raman sca�ered light [97]. Rayleigh light sca�ered at the two-level sys-

tem without exciting it. From energy conservation considerations, it is clear that Rayleigh

sca�ered light has the same frequency as the laser light �eld ωl = ωsca�ered and is there-

fore di�cult to separate from the excitation light. Inelastic sca�ering or �uorescence is the

light which interacted with the two-level system through absorption and reemission of a

photon, and therefore obtained the spectral properties of the excited state, i.e. uncertainty

and broadening mechanisms. Since the decay of the excited state is exponential in time,

the lineshape of the resonance �uorescence is a Lorentzian, as introduced in Eq. (2.6). Ra-

man sca�ering is a quantum mechanical phenomenon and appears through the coupling

of the oscillating driving �eld with the electronic states of the two-level system, as will be

explained in detail in this section.

Under typical experimental conditions, the excitation light coming from a laser light

source is the largest signal, which outshines the other components. In order to gain access

to the �uorescence and the resonantly sca�ered light, the excitation has to be suppressed

by some experimental means, e.g. cross-polarization �ltering or geometric �ltering [123].

In this thesis, a spectral �lter was used to suppress the excitation laser light. �is leads to a

concurrent suppression of the resonantly sca�ered light. �erefore, only the �uorescence

signal from the quantum emi�er was detectable and the scope of this section focuses on

the physics of the �uorescence signal and only brie�y discusses the other components.

A semi-classical theory is employed in this section to derive the interaction of a classical

light beam with a quantum mechanical two-level system. �e dynamics of the density ma-

trix leads to the Bloch equations, whose solution can be used to describe the experimental

signatures, that were observed and presented in chapter 6.

2.4.1. Density Matrix

�e states ground state |1〉 and excited state |2〉 form an orthogonal basis of a two-level

system. Such a system can take on any time-dependent linear superposition

|ψ 〉 = c1(t) |1〉 + c2(t) |2〉 . (2.30)
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During the evolution of the combinations, the complex coe�cients are normalization by

the condition

|c1 |
2 + |c2 |

2 = 1 . (2.31)

�e density matrix formalism is used to work directly with the products of the coe�cients

of superposition states. �e density matrix is given by

ρ̂ = |ψ 〉 〈ψ |

= ρ11 |1〉 〈1| + ρ22 |2〉 〈2| + ρ12 |1〉 〈2| + ρ21 |2〉 〈1|

=

(
ρ11 ρ21

ρ12 ρ22

)
, (2.32)

where the coe�cients are

ρ11 = c1c
∗
1
, ρ22 = c2c

∗
2

ρ12 = c1c
∗
2
, ρ21 = c2c

∗
1

ρ11 + ρ22 = 1 . (2.33)

�e diagonal elements ρ11, ρ22 are the state populations and provide the probabilites of

the system in state |1〉 and |2〉. �e o�-diagonal elements ρ12, ρ21 give the relative phase

between the contributions of a superposition state of |1〉 and |2〉 and are called coherences.

2.4.2. Interaction Hamiltonian

�e Hamiltonian describing the dynamics of a two-level system interacting with a light

beam is given by

ˆH = ˆH0 + ˆHint , (2.34)

where
ˆH0 is the Hamiltonian of the unperturbated two-level system, where the eigenstates

|1〉 and |2〉 have the energies
ˆH0 |1〉 = }ω1 |1〉 and

ˆH0 |2〉 = }ω2 |2〉. �e energy gap between

the two states is therefore }ω0 = }(ω2 − ω1). �e ground state is o�en �xed to zero, such

that
ˆH0 |1〉 = 0 |1〉 and therefore

ˆH0 |2〉 = }ω0 |2〉. �e interaction Hamiltonian is of the

the general form

ˆHint = ˆd · ®E(r , t) , (2.35)

where
ˆd = −er̂ is the dipole operator and ®E(r0, t) is the electric �eld of the beam. �e electric

�eld is further considered constant over the extend of the dipole, since the wavelength λ

is much larger than the emi�er. By using this so-called dipole approximation, the electric

�eld vector simpli�es to the electric �eld amplitude at the location rd of the dipole ®E(r , t) =

E0(rd , t).
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�e interaction Hamiltonian can be further simpli�ed by introducing the lowering and

raising operators σ̂ and σ̂ †, where

σ̂ = |1〉 〈2| σ̂ † = |2〉 〈1| (2.36)

�e dipole operator can be rewri�en in

ˆd = ®d(σ̂ + σ̂ †) (2.37)

By further considering an harmonic electric �eld with positive and negative frequency ±ωl

components

®E(r0, t) =
®E0

2

(eiωl t + e−iωl t ) (2.38)

the full Hamiltonian can be expressed

ˆH = }ω0σ̂ σ̂
† +

}Ω
2

(σ̂eiωl t + σ̂e−iωl t + σ̂ †eiωl t + σ̂ †e−iωl t ) , (2.39)

where Ω = dE0/} is the optical Rabi frequency, which is proportional to the electric �eld

strength of the light beam. In the rotating frame of the electric �eld ωl , the Hamiltonian

reads

ˆ
˜H = −}∆σ̂σ̂ † +

}Ω
2

(σ̂ + σ̂ † + σ̂e−i2ωl t + σ̂ †ei2ωl t ) (2.40)

with ∆ = ωl − ω0 being the the detuning of the electric �eld with respect to the two-

level transition frequency. At last, the rotating wave approximation is applied to neglect

the fastest oscillating terms in the Hamiltonian, which have only minor in�uence on the

interaction [124]. �e Hamiltonian in the rotating wave approximation is then

ˆHrwa = −}∆σ̂σ̂ † +
}Ω
2

(σ̂ + σ̂ †) (2.41)

�e eigenvalues of
ˆHrwa di�er from the unperturbed two-level system. �e coupled

system of optical �eld and two-level states possesses dressed states, which are split by an

energy proportional to the Rabi frequency }Ω. A resonant beam can Raman sca�er on

the four energy levels resulting in three spectral components in the sca�ered light �eld

ω0 + Ω, ω0, and ω0 − Ω. �e spectral feature is called the Mollow triplet [125]. In 1955,

upon investigation of resonance spectra of atoms, two peaks around the central transition

line were discovered by Autler and Townes [126]. �e Autler-Townes e�ect is essentially

an AC-Stark spli�ing [127] of the electronic states due to the resonant electric �eld.

In order to observe the spectral features, �uorescence and excitation light have to be

separated, typically done by either cross-polarizing the excitation light and the detection

path or exploiting geometrical separation of the two. In this work, this was not a�empted,

since the induced birefringence of the material containing the single emi�ers reduces the
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extinction of the cross-polarization and the much stronger excitation beam would enter

the detectors.

Instead, the focus is laid on resonance �uorescence, the fraction of the spectrum, which

was absorbed by the two-level system and emi�ed at longer wavelengths due to the vi-

brational states of the quantum emi�er. Semi-classical Maxwell-Bloch equations are

employed to explain theoretically the e�ects of resonance �uorescence in the following

section.

2.4.3. Dynamics

�e evolution of the density matrix is derived by the Schrödinger-Von Neumann equa-

tion

∂ρ̂

∂t
=

i

}
[
ρ̂, ˆH

]
. (2.42)

By using the Lindblad formalism [128], the emission rates of the two-level system are

implemented as damping terms to the density matrix elements

∂ρ̂

∂t
=

i

}
[
ρ̂, ˆH

]
−

(
Γ1ρ11 Γ2ρ21

Γ2ρ12 −Γ1ρ22

)
(2.43)

�e rates in this equation are the damping of the populations Γ1 = 1/T1 due to the radiative

decay and the total dephasing Γ2 =
1

2
Γ1 + Γ

∗
2

, where Γ ∗
2

is called pure dephasing, as was

mentioned in Eq. (2.2) [129].

2.4.4. Optical Bloch Equations

�e time-evolution of the density matrix of a two-level system in an optical �eld can be

derived by using the Schrödinger equation in its Lindblad form (2.43) and the Hamilto-

nian in the rotating wave approximation (2.41). �e equations of motion are a set of partial

di�erential equations for the density matrix elements, called the semi-classical Maxwell-

Bloch equations (or optical Bloch equations) [97]:

Ûρ22(t) = i
Ω

2

[ρ21(t) − ρ12(t)] − Γ1ρ22(t) (2.44a)

Ûρ12(t) = i
Ω

2

[ρ22(t) − ρ11(t)] − (Γ2 − i∆)ρ12(t) (2.44b)

Ûρ12(t) = Ûρ
∗
21
(t) (2.44c)

Ûρ11(t) = − Ûρ22(t) (2.44d)

where Ûρij(t) is the time-derivative of the density matrix element ij, and ρ∗i j the complex-

conjugation of a density matrix element. �e Bloch equations can only be solved analyt-

ically by applying approximations and considering a subset of parameters. A description

of the general analytical solution for the resonantly driven two-level system with zero-

detuning ∆ = 0 was found only recently by Grandi et al. at Imperial College London [130].
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Models provided in the literature before were solutions under restricted approximations to

dephasing rates and saturation [131]. �e �rst experimental demonstration of resonance

�uorescence of a single quantum system was reported in 1988 by Diedrich et al., where

the д(2) function of a single trapped atom in a resonant laser �eld was measured [132].

Since then many quantum systems showed the same signatures in a resonant laser �eld,

including quantum dots [133] and molecules [131].

2.4.5. Solving the Bloch Equations

�e steady-state solution of the optical Bloch equations (2.44) describes the equilibrium

population of the two-level system, which is typically reached a�er long delays. �e steady-

state solutions can be found by solving the linear system of equations at the limit value of

t →∞, where the time derivatives of the populations become zero Ûρ11 = Ûρ22 = 0:

ρ(ss)

12
= i

1

2

Γ1

Ω (
Ω2

Γ1Γ2

)(1 − i δΓ2

)

1 + δ 2

Γ 2

2

+ ( Ω
2

Γ1Γ2

)
(2.45a)

ρ(ss)

22
=

1

2
( Ω

2

Γ1Γ2

)

δ 2

Γ 2

2

+ 1 + ( Ω
2

Γ1Γ2

)
(2.45b)

ρ(ss)

11
= 1 − ρ(ss)

22
(2.45c)

�e expression
Ω2

Γ1Γ2

= S is the saturation parameter of the system. With the expression for

the resonance Rabi oscillation Ω2 = (dE0/})2 = d2

}2

2I
ϵϵ0c

the saturation parameter S can be

expressed as a function of excitation intensity

S =
I

Isat
=

d2

ϵϵ0c}2

2

Γ1Γ2

I (2.46)

�e steady-state population expressions in Eq. (2.45) reduce to a shorter form by using the

new expression in Eq. (2.46) and considering only the resonantly driven case (δ = 0):

ρ(ss)

12
= i

1

2

Γ1

Ω

S

1 + S
(2.47a)

ρ(ss)

22
=

1

2

S

1 + S
=

1

2

I/Is
1 + I/Is

(2.47b)

with the saturation intensity thus de�ned as Is =
ϵϵ0c}2

d2

Γ1Γ2

2
.

�e steady-state solution holds �rst very important �ndings. �e excited state popu-

lation increases with increasing intensity and saturates at the saturation intensity from

where it reaches the maximum value of 1/2. �e spontaneous emission hinders the system

to reach population inversion and provides us with a measurable �uorescence signal since

the product of Γ1 and the excited state population ρ22 gives us the spontaneous emission
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rate:

R(I ) = Γ1ρ
(ss)

22
=

1

2

Γ1

S

1 + S
(2.48)

�e peak of the �uorescence rate of a laser tuned on resonance with the transition fre-

quency is proportional to ρ22 and therefore saturates as shown above.

�e steady-state excited state population ρ(ss)

22
in Eq. (2.45) has the form of a Lorentzian

distribution function in frequency. �e full width half maximum (FWHM) of such a distri-

bution function is known to be its parameter Γ . Analogously, the FWHM of the steady-state

solution ρ(ss)

22
can be derived by converting ( 1

2
Γ )2

!

= (I/Is + 1)Γ 2

2
:

general Lorentzian distribution:

f (x ,x0, Γ ) =
1

2
Γ

(x − x0)
2 + ( 1

2
Γ )2

FWHM given by:∆x = Γ (2.49)

Excited state population:

ρ(ss)

22
=

1

2
( Ω

2

Γ1Γ2

)

δ 2

Γ 2

2

+ 1 + ( Ω
2

Γ1Γ2

)
(2.50)

=

1

2
(I/Is )

(ωl − ω0)
2 + (I/Is + 1)Γ 2

2︸        ︷︷        ︸
( 1

2
Γ )2

FWHM given by:∆ω = 2Γ2

√
I/Is + 1

�e analogously derived expression for the FWHM ∆ω in Eq. 2.51a is an intensity depen-

dent spectral width of the excited state population. Due to the saturation of the resonance

transition the side wings of the spectrum become increasingly dominant and broaden the

spectrum, also called power broadening. �e broadening scales with the dephasing rate Γ2

of the system, which can be extracted from a saturation measurement.

2.4.6. Resonant Second-order Correlation Function

In order to resolve the time-dependent dynamics of the Bloch equations (2.44), an analyt-

ical solution can be used. For this, only the case of zero detuning δ = 0 is focussed on

and the system of equations is transformed by substituting ρ12 with
1

2
(u − iv). Ep. (2.44)

simplify therefore to:

Ûρ22(t) =
Ω

2

v(t) − Γ1ρ22(t) (2.51a)

Ûv(t) = Ω[ρ11(t) − ρ22(t)] − Γ2v(t) (2.51b)

Ûρ11(t) = − Ûρ22(t) (2.51c)
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Since the driving �eld is in resonance and the two-level system is in phase, the real part of

ρ12 u separates from these equations. In order to solve the time-dependence, the Laplace

transform to Eq. (2.51) L(af (t) + bд(t)) = a ˜f (s) + bд̃(s) is applied and the theorem for

derivatives L(f ′(t)) = s ˜f (s) − f (0) used to transform to:

s ρ̃22(s) − ρ22(0) =
Ω

2

ṽ(s) − Γ1ρ̃22(s) (2.52a)

sṽ(s) −v(0) = Ω[ρ̃11(s) − ρ̃22(s)] − Γ2ṽ(s) (2.52b)

s ρ̃11(s) − ρ11(0) = −s ρ̃22(s) − ρ22(0) (2.52c)

�e system is initially assumed to be in the ground state ρ11(0) = 1, such that the excited

state population is consequently ρ22(0) = 0. Eq. (2.52) simpli�es then to

s ρ̃22(s) =
Ω

2

ṽ(s) − Γ1ρ̃22(s) (2.53a)

sṽ(s) −v(0) = Ω[ρ̃11(s) − ρ̃22(s)] − Γ2ṽ(s) (2.53b)

s ρ̃11(s) − 1 = −s ρ̃22(s) (2.53c)

�e solution of this system of linear equations can be found much easier and is given by

ρ̃22(s) =
1

2
Ω2

2s[s2 + γ1Γ2 + s(Γ1 + Γ2) +Ω2]
(2.54)

On substituting

p = Γ1 + Γ2

q =
√
(Γ1 − Γ2)

2 − 4Ω2

Eq. (2.53) can be expressed as

ρ̃22(s) =
c1

s − s1

+
c2

s − s2

+
c3

s − s3

,

where

{c1, c2, c3} = {
2Ω2

p2 − q2
,−

Ω2

q(p − q)
,

Ω2

q(p + q)
}

{s1, s2, s3} = {0,−
1

2

(p − q),−
1

2

(p + q)}.

�e inverse Laplace transform gives us the solution

ρ22(t) = c1 + c2e
s2t + c3e

s2t
(2.55)
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From this solution the steady-state is easily found, since for long time scales the last two

terms become negligible

ρ22(∞) = c1 =

1

2
Ω2

Γ1Γ2 +Ω2
(2.56)

�e temporal evolution of a driven two-level system under illumination of a resonant beam

was derived. In order to detect and measure the time-dependence of such a system, a

measurement of the second-order correlation function of the radiation �eld is required,

as given in Eq. 2.10. �e correlation of photons emi�ed is directly proportional to the

population of the excited state ρ22, so that д(2)(τ ) can be calculated with the solution of the

Bloch equations, which was derived in Eq. 2.55.

д(2)(τ ) =
ρ22(τ )

ρ22(∞)
= 1 −

p + q

2q
e−

1

2
(p−q)τ +

p − q

2q
e−

1

2
(p+q)τ , (2.57)

with p = Γ1 + Γ2 and q =
√
(Γ1 − Γ2)

2 − 4Ω2
. �is expression of the solution for a

resonantly driven two-level system is called resonant second-order correlation function,

which di�ers from the correlation functions found by using the rate equations given in

Eq. (2.10) and (2.25) by allowing coherent transfer of the population between the excited

state and the ground state. At large driving �eld intensities, expressed by a large saturation

parameter, Rabi oscillations occur directly in the correlation signal, which correspond to

a population and de-population of the excited state ρ22. In Fig. 2.8 the function is plo�ed

for �ve di�erent Rabi frequencies Ω by varying the saturation intensity S = Ω2/Γ1Γ2 and

�xing the dephasing rate Γ2 = 2Γ1 at twice the spontaneous emission rate. �e correlation

function starts showing the Rabi oscillations when Ω ≈ 1Γ1 in this case.
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Figure 2.8. The second-order correlation function (Eq. (2.57)) for different saturation intensities.The dephasing parameter Γ2 = 2Γ1 is kept at twice the spontaneous emission rate.
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When changing the dephasing rate Γ2, the damping of the Rabi oscillations is revealed.

Fig. 2.9 shows such a parameter scan. In this plot, the saturation intensity was adjusted

for each value of Γ2 in order to �xate the Rabi frequency to Ω ≈ 2Γ1
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Figure 2.9. The second-order correlation function expression found in Eq. (2.57) evaluated overa series of values to show the influence of the dephasing on the excited state popu-lation Ûρ22(t). The dephasing parameter Γ2 is varied while the Rabi frequencyΩ = 2Γ1was kept constant.
With these results, resonant correlation measurements can be interpreted and the data

can be ��ed. Fig. 2.9 and 2.8 show the derived solutions in Eq. (2.57). �e function will

be used and applied in chapter 6 during the experiments on resonance spectroscopy on a

single molecule.

2.5. Summary and Outlook

�e theoretical framework and concepts on single photon sources, which have been intro-

duced in this chapter, will be used throughout this thesis. In chapter 5, a defect center in

zinc oxide is extensively characterized at room-temperature and cryogenic temperatures,

where the electronic transition of the two-level system is directly observable. In chapter 6,

single DBT molecules are probed at cryogenic temperatures by a resonant laser, such that

the above discussed resonance e�ects can be directly applied. Before presenting these inter-

esting results, the coupling of single photons to dielectric waveguide structures is explored

and discussed in the coming chapters.





3 Integrated Nanophotonics

�is chapter focusses on the engineering and manipulation of the emission properties of

a single emi�er system. �e spontaneous emission from a two-level system is directly

in�uenced by the surrounding optical modes. �is chapter provides the theoretical under-

standing of the connection between optical modes and spontaneous emission and show-

cases waveguide designs that were used in experiments aiming at coupling single molecule

�uorescence at a wavelength 785 nm to integrated nano-structures.

At �rst, the physical principles of light-ma�er interaction will be introduced to under-

stand enhancement and coupling of the spontaneous emission rate of a single emi�er to a

guided optical mode. As will be shown in this chapter, for high coupling rates of an emit-

ter to a guided optical mode, a high electric �eld intensity at the location of the emi�er is

desired. �ere are numerous guided optical mode designs being used by various research

groups to couple emi�ers to. �ere are optical �bers [134–136], integrated chip structures

[115, 137], photonic crystal waveguides [60, 138–141] and recently also plasmonic waveg-

uide systems [142, 143]. �e goal of this chapter is to design and review waveguides to

couple the �uorescence of a molecule at 785 nm into the waveguide mode. Based on this,

the guided optical mode of dielectric strip and slot waveguide designs will be simulated

using numerical simulation tools. �e electric �eld vectors of the guided modes are then

carried forward to calculate the coupling e�ciency of a molecular dipole. �e superior

coupling performance of 100 % of slot waveguides is compared to a strip waveguide’s ef-

�ciency of at most 25 %, a four-fold increase. �e �ndings in this chapter are an integral

part in two publications: ‘Photostable Molecules on Chip: Integrated Sources of Nonclassical
Light’ published in ACS Photonics in cooperation with Prof. Costanza Toninelli [137] and

‘Fiber-coupled diamond micro-waveguides toward an e�cient quantum interface for spin de-
fect centers’ published in ACS Omega in cooperation with Prof. Masazumi Fujiwara [144].

3.1. Light-Matter Interaction

�e decay rate Γ of the excited electronic state is a property, which depends on the tran-

sition strength between an excited state and a ground state, and the density of electronic

ground states. In 1927, Dirac formulates �rst the transition probability of a quantum system

by considering a pertubative electric �eld. His work results in Fermi’s rule [145]:

Γif =
2π

~
| 〈i | Mif | f 〉 |

2ρ(r ,ω), (3.1)
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whereMif is the transition matrix element of the perturbation operator between the initial

and �nal state, and ρ(r ,ω) is the local density of states (LDOS) . �e perturbation in such

a system is given by the interaction between the dipole moment of the emi�er and the

electric �eld Hint = −µ · E, such that the matrix element is given byMif = −µifE [146].

Tailoring the environment of an emi�er in�uences the strength of the electric �eld and the

number of available modes the emi�er can couple to, thereby changing the spontaneous

emission rate and orientation. �e change of spontaneous emission rates in di�erent envi-

ronments is quanti�ed by the Purcell factor FP , since Purcell was the �rst to describe

the modi�ed spontaneous decay of an atom in a microwave cavity [147]. Since then re-

search �elds have been growing around the various techniques of engineering the LDOS,

i.e. cavities, waveguides, photonic crystals, and plasmonics have been employed to modify

the spontaneous emission, the polarization, and the direction of emission.

3.1.1. Coupling And Enhancement

�e LDOS is a quantity which is very di�cult to determine and is generally dependent

on various external factors. To evaluate this expression and make coupling predictions is

still very challenging, but several research groups have done the calculus and numerical

simulations to derive general expressions for di�erent systems, i.e. dielectric �ber tapers

[148, 149], micro-tips of arbitrary shapes [150, 151], and plasmonic waveguides [152, 153].

Figure 3.1. A dipole emitter µ in the evanescent electric field Ex,y of a guided dielectric mode ofa waveguide has a decay rate into the mode of γguided, given by the Eq. (3.3).

For a valid calculation of the expected decay rate into an guided mode, radiative, non-

radiative and the guided decay rates have to be expressed by Fermi’s rule. �e total spon-

taneous decay rate is therewith:

γtotal = γrad + γn.rad + γguided (3.2)
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�e decay into the guided mode can be expressed in the following general form for lossy

and lossless waveguides relative to the vacuum decay rate of the emi�er γ0

γguided

γ0

=
3πcEµ (d)[Eµ (d)]

∗

k2

0

∫
A∞
(E ×H ∗)zdA

, (3.3)

where Eµ (d) is the electric �eld strength component parallel to the dipole moment ori-

entation (µ) at the location d of the emi�er, A∞ is the integration area over the guided

mode cross section, and E, H are the electric and magnetic �eld vectors of the mode. �is

expression is a result of expressing the full 3D-LDOS by a reduced 2D-LDOS due to the

longitudinal symmetry of a waveguide [149, 152, 153]. �e solution of Chen et al. in [152]

allows us to use the mode pro�le of a guided electromagnetic mode to calculate the rela-

tive radiative decay into such a mode. With the vector �eld of the guided mode, we can

calculate the emission rate of a dipole oriented into any direction and under any location

with respect to the guided mode. �e expression (3.3) will be frequently used in chapter

4.7 and provides a characterization of the coupling e�ciency of an optical structure.

�e commonly referenced β-factor β = γguided/γtotal contains also non-radiative and ra-

diative decay rates, which are di�cult to determine in experiments and from simulations.

Full three-dimensional FEM simulations are necessary in order to estimate the total de-

cay rate of an emi�er in the vicinity of a structure compared to its vacuum spontaneous

emission rate by deriving the radiative power P0 of an emi�er in vacuum, and near a struc-

ture Ptotal [146]. From such simulations one can derive γtotal/γ0 = Ptotal/P0, which is the

total enhancement factor of the waveguide on the spontaneous emission of the emi�er

[152]. In this thesis, only two-dimensional problems were solved by using an FEM so�-

ware providing only the ratio

γ
guided

γ0

, see Eq. (3.3). �e simulation results lack the inclusion

of any non-radiative decay paths, which an optical structure induces onto the dipole emit-

ter. Since only dielectic materials are used in this thesis, it is assumed that the emi�er is

not quenching, i.e. all emission processes �nally lead to a photon radiated into the far�eld

(directly from the emi�er or later from the end of the waveguide). Plasmonic structures on

the other hand will quench the �uorescence and the total decay rate of the emi�er deviates

substantially from spontaneous emission rate in vacuum.

3.2. Nanophotonic Structures

3.2.1. Optical Nanofiber Tapers

Tapered optical nano-�bers o�er very large evanescent �elds [154], which are useful for

applications like microresonator excitation [155], sensors [156], and even trapping atoms

[157]. �ey are manufactured from typical telecommunication optical �bers, that have

numerous applications already in our daily life, from communication channels to laser

ampli�er, and even in medical endoscopic procedures. A cylindrical fused silica glass SiO2

core of a few micrometer in diameter is surrounded by typically 125 µm fused silica glass

SiO2 cladding of slightly lower refractive index. By total internal refection the optical mode
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is guided inside of the glass �ber. �e di�erence in refractive index between core and

cladding is induced by doping the glass with �ourine or germanium. Coupling an emi�er

to this mode is physically impossible as the mode is completely guided inside of the glass

material and does not have any �eld intensity outside of the �ber. Due to the completely

reversible viscosity of the glass material, optical �bers can be streched under heat to form

tapered optical �bers (TOF) . �e glass of a �ber is heated locally in a open �ame or an

electric oven while the �ber ends are being pulled outwards to stretch the �ber. Due to

the high viscosity of molten glass the �ber stretches and the diameter can be reduced to

sub-wavelength sizes. �e shape and diameter of the TOF can be estimated by considering

that the volume of the glass is conserved while the �ber ends are pulled apart. �is process

tapers the glass �ber with an exponential shape to thicknesses of up to 200 nm. �e optical

mode converts adiabatically with high e�ciency from a core-cladding guided mode to a

cladding-air guided mode. Transmission e�ciencies through TOFs can exceed 99 % [158].

At a cladding diameter of a few 100 nm the core’s diameter is negligible for the guiding

of the light wave. �e air-cladding guided mode has an evanescent �eld outside of the

cladding material, which decays within approximately the distance of one wavelength. For

increasing diameters the electric �eld intensity shi�s towards the inside of the TOF and the

intensity on the surface of the TOF vanishes. �e highest intensity outside of the TOF can

be reached for diameters of d = 0.469λ [159]. Dust or any kind of particles on the surface

sca�er the taper mode strongly and are to be avoided as the e�ciency decreases quickly

for even mm-long tapered sections.

Figure 3.2. A glass holder supports the optical fiber taper. Glass was chosen specifically to matchthe expansion coefficient of the fiber to make sure that the tension on the taper isminimal during a cooling experiment cycle [144].
�e large guided evanescent �elds are very useful for sensing applications and excita-

tion of resonator modes [160]. Fiber-taper have been successfully used as sensing and

spectroscopy experiments [136]. Coupling rates of 10 % to 37 % of the emission of diamond

defect centers to TOF have been achieved at room-temperature [161–163].

In cooperation with Prof. Masazumi Fujiwara, experiments have been conducted on

TOF and single photon sources at cryogenic temperatures. Since the TOFs are macro-

scopic units, glued onto a substrate holder, low-temperature experiments are very cum-

bersome and di�cult to achieve. We have successfully cooled several optical �ber taper

with a�ached diamond rods to 4 K. At low-temperatures it was possible to observe the
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zero-phonon line of the NV defect centers in the diamond rods. Since these experiments

were not the main focus of this work, details will not be further elaborated but can be

reviewed in full detail by the interested reader in the joint publication with the title ‘Fiber-

coupled diamond micro-waveguides toward an e�cient quantum interface for spin defect

centers’ [144].

3.2.2. Integrated Nano-Waveguides

For scalable quantum communication and linear optical quantum computation, coupling

single photons to integrated chip based architectures is necessary. Integrated photonic

platforms [164] rely on the availability of true single photons guided in the modes of mi-

crochip dielectric waveguides. Coupling quantum emi�ers to micro-resonators and pho-

tonic crystal resonators yields high extraction e�ciencies of single photons [60, 165]. �ese

technologies enable strong interaction between photons and therefore enable the realiza-

tion of qubit gates [37, 166, 167]. Coupling to waveguide modes that e�ciently transport

the photons for the above mentioned reasons is a crucial technological step. It has been

successfully achieved with quantum dot single photon sources in photonic crystal waveg-

uides where emi�er-waveguide e�ciencies (β-factors) of 98.43 % have been reported [37]

and emi�er-waveguide-optical �ber e�ciencies of 10.6 % [168]. �ese results are so far

solely for solid state emi�er systems and the goal of this work is to enable this technology

also for other emi�ers, e.g. molecules and diamond defects.

�e design of the integrated system developed and applied in the course of this thesis was

based on rectangular silicon nitride Si3N4 (SiN for simplicity) waveguides on top of a SiO2

substrate. �e mode is guided in the SiN layer on top of a SiO2 substrate. In order to extend

the optical mode far into the upper region above the waveguide, the vertical dimension of

the waveguide is 175 nm, just narrow enough to accomodate the fundamental guided mode

at 785 nm, but to enable a large evanescent �eld outside of the materal. �e narrow pro�le

strictly makes the waveguide a single-mode waveguide, where only the fundamental mode

propagates in the waveguide.

3.3. Waveguide Design and Mode

In the following, di�erent waveguide designs based on SiN are described. �e optical mode

and the coupling to a quantim emi�er are discussed. �e FEM solver JCMWave is used to

calculate the mode pro�le. With the full vectorial electromagnetic tensor �eld calculated,

the decay rate percentage of an dipole emi�ing into the waveguide mode can be calculated

by a procedure derived by Barthes et al. in [169].

3.3.1. Strip Waveguides

�e most simplistic design, i.e. the strip waveguide, is being used commonly for chip-

based optics, quantum optics, or linear quantum optics. �e strip waveguide problem can
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Figure 3.3. Design layout of a simulated 175 nm × 500 nm SiN on SiO2 waveguide and the initialmesh grid of the FEM solver. The meshing is very inhomogeneously spread overthe calculation domain, while offering most resolution near the waveguide and itscorners.

be solved mathematically exactly. However, this can only be achieved for a high symme-

try for the surrounding material. Only then it is possible to �nd the correct propagation

constant βz and mode �eld distribution Ex,y of such a waveguide, i.e. only if the refractive

index in all corner sections of a rectangular waveguide cross-section has the same value,

the analytical solution of that problem can be found. In most technologically applicable

cases however such symmetries are not given and numerical approximations have to be

used to calculate the guided mode of a waveguide structure. In the silicon-on-insulator

(SIO) designs, di�erent materials surround the waveguide. Burried oxide (BOX) structures

are embedded waveguides on a substrate and surrounded by in a lower refractive index ma-

terial, the BOX layer. In this thesis, Si3N4 waveguides on a SiO2 substrate were designed

and fabricated. �e top region of the waveguides is le� open, so that emi�ers can be placed

as close as possible to the waveguide mode to coupling. A typical layout is shown in Fig.

3.3.
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Figure 3.4. A 175 nm × 500 nm waveguide design showing the fundamental TE mode profilecomponents x and y for a wavelength of 785 nm and an effective refractive indexof neff = 1.6211. The mode was numerically calculated by the FEM solver softwareJCMWave.

�e propagation solver of JCMWave typically �nds the fundamental transverse electric
(TE) and transverse magnetic (TM) mode and is capable to calculate the according electric

�eld distribution of that mode. �e focus is placed on the TE, which from here on are
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referred to as waveguide modes. TM modes are only mentioned on a few cases. �e mode

pro�le of a 175 nm × 500 nm strip waveguide is shown in 3.4.

�e electric �eld distribution of the fundamental mode with an e�ective refractive mode

of ne� = 1.6211 is separately plo�ed for x- and y-directions. �e intensity of the waveguide

mode I = 1/2ϵ0c ®E
2

is shown in Fig. 3.5.
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Figure 3.5. The intensity profile of a SiN strip waveguide on a SiO2 substrate.

Coupling

With the mode pro�le calculated, it is possible to calculated the coupling rates of an op-

tical dipole in the vicinity of the waveguide by applying Eq. (3.3) derived in section 3.1.

Depending on the location and the orientation of a dipole emi�er near the waveguide

mode, the radiation into the waveguide mode γwg can be calculated in terms of fraction

over the vacuum decay rate γ0. �e vectorial solution of the two-dimensional waveguide

problem contains all the information to derive
γwg

γ0

as given in Eq. (3.3). In two separate

postprocesses of JCMWave, the electric �eld strength ®E and the magnetic �eld strength

®H are exported on a cartesian grid. Eq. (3.3) is then evaluated for a dipole in x-direction

( ®Ed (r ) = Ex (r )) in Fig. 3.6 a) , in y-direction ( ®Ed (r ) = Ey (r )) in Fig. 3.6 b), and in z-direction

( ®Ed (r ) = Ez (r )) in Fig. 3.6 c).
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Figure 3.6. The coupling efficiency γwд
γ0

for a dipole emitter in the vicinity of a waveguide.

�e highest coupling rates are reached for an emi�er aligned with the x-direction in the

evanescent �eld of the optical mode above the SiN waveguide. �eoretically a maximum
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of 25 % can be reached for an emi�er located right on the interface of the waveguide to air.

�is maximum coupling is practically very di�cult to achieve as the emi�ers are usually

encapsulated and protected by a host material, which pads the emi�er from the waveguide.

Distances of a few tens of nm are more reasonable and the coupling rate would decrease

to about 10 % to 20 %. For dipoles oriented along the y-direction the best coupling to the

waveguide mode is reached at the corner of the waveguide rectangle, albeit the absolute

values are about an order of magnitude lower than for the x-direction γwg,y/γ0 ≤ 0.03. �e

areas at the corners of the waveguide are very small, so that locating an emi�er at its center

becomes unfeasable considering the insu�cient positioning capabilities of a dipole emi�er.

At last, an emi�er aligned with the z-axis, i.e. along the waveguide mode propagation axis,

has large coupling rates at the sides of the waveguide. Also here, as with y axis oriented

emi�ers, rather small coupling is to be expected of γwg,z/γ0 ≤ 0.03. For all strip waveguide

designs, the maximal electric �eld strength of the mode is within the unreachable center

of the waveguide material. Higher coupling rates are therefore impossible to achieve with

this design.

3.3.2. Slot Waveguides

A fairly recent development are low-refractive index waveguides in a slot design [170, 171]

from 2004. Formerly, it was thought, that it was impossible to guide an electromagnetic

wave in low refractive indexes, due to the lack of total internal re�ection. Proposed de-

signs immitated the process of total interal re�ection by adding dielectric re�ection layers,

or photonic crystal �bers [172], all of which have a very narrow bandwidth, due to their

wavelength selective design. �e slot waveguide is composed of two rectangular strip

waveguides of a high refractive index nrect separated by a nm-wide low refractive index

slot nslot. Due to the large discontinuity of the refractive index at the slot-strip waveguide

interface the quasi-TE mode is con�ned within the slot, since the main component of the

mode is perpendicular to the interface. �e ratio n2

rect
/n2

slot
equals the ratio of the electric

�eld in the slot and in the high refractive index waveguide material. For an air �lled slot

in SiO2 the ratio is 4.08. �e electric �eld decays exponentially with the distance to the in-

terface. If the slot width is smaller than the decay length, the electric �eld is high over the

slot region. �e optical mode intensity peaks in the slot and up to 40 % of the optical power

can be con�ned within the slot compared to the total transmi�ed power of the waveguide

[171].

�e quasi-TM mode does not show this characteristic as the main component of the

electric �eld is parallel to the slot interface. It can be shown, that the e�ective refractive

index of the guided mode is approximately dependent on the exponential decay of the

electric �eld γ at a far distance from the waveguide:

ne� ≈

√
n2

rect
+ γ 2/k2

0
(3.4)
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Figure 3.7. This cross-section of a slot waveguide design shows the optical mode that centersin the 80 nm air gap between two 400 nm ridges. The wavelength of this mode ischosen to be at 785 nm. The height of this slotwaveguide is 175 nm

Slot waveguides o�er access to the highest electric �eld strength of the mode and in

addition the electric �eld is enhanced within the slot in relation to the total guided �eld.

�e mode is guided by the slot and by the SiN waveguide material. Figures 3.7 a) and 3.7 b)

show the Ex and Ey , respectively. For small slots the highest �eld intensities are found at

the center of the slot, as shown in Fig. 3.9. For large refractive index di�erences between

the slot and the waveguide ridges, intensities in the slot can be about six times larger than

for the single strip waveguide for opimized slot widths [171]. In the case of SiN waveguide

with an air �lled slot, the intensity of a 50 nm wide slot is about 10 % higher than in the SiN

strip waveguide, as is shown in 3.8.
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Figure 3.8. Optimized slot widths ensure that high intensities of the optical field are confinedwithin the slot. The colored plots show the profiles of the electric field through thecenter of the 175 nm high SiN waveguide material for 50 nm, 100 nm, 200 nm and300 nm wide slots normalized by the intensity of the 50 nm slot width. For compari-son the mode profile of a strip waveguide is plotted in dashed gray.

For very narrow slots, the waveguide mode approaches the strip waveguide modes pro-

�le, as the amount of le� out material reduces and in�uences the propagation of the electric

�eld less. For very large slots, the modes start to leak into the substrate, as the structures

does not su�ciently con�ne the electric �eld.



48 INTEGRATED NANOPHOTONICS

0.5 0.0 0.5
Y ( m)

0.4

0.2

0.0

0.2

0.4

0.6

X 
(
m

)
0

1

2

3

4

5

In
te

ns
ity

 (V
2 /
m

2 )

1e15

Figure 3.9. The intensity profile of a slot waveguide with a 50 nm slot width.

Coupling

Emi�ers positioned inside the slot have a much higher coupling rate than the strip waveg-

uide can reach. Coupling rates of γwд/γ0 ≥ 0.8 are possible for dipole orientations in

x-direction, as calculated in Fig. 3.10 a). For y and z oriented dipoles the coupling rates are

smaller and located around the waveguide with slot, see Fig.3.10 b) and Fig.3.10 c).
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Figure 3.10. Coupling efficiency γwд
γ0

for a dipole in the vicinity and slot of a waveguide.
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Figure 3.11. The coupling strength for a strip waveguide mode (dark) and a slot waveguide mode(green). The strip waveguide profile is a vertical profile to the substrate, whereasthe slot waveguide profile is horizontal along the substrate though the middle ofthe waveguide. The shaded area marks the possible locations to place an emitterinto the vicinity of the waveguide.
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3.3.3. TM Modes

�e fundamental TM mode (Hz = 0) is also guided in the slot waveguide. �e electric �eld

of the TM mode is aligned parallel to the slot waveguide material interface. �erefore the

refractive index jump does not contribute to the intensity distribution of the mode, see Fig.

3.12. �e e�ective refractive index of the TM mode ne�,TM = 1.57 di�ers from the TE mode

ne�,TE = 1.635.
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Figure 3.12. The TM mode of a slot waveguide with a slot width of 50 nm. The confining effectof the slot gap is not given for the TM mode, as the largest electric field Ex is parallelto the slot interface.
�e TM mode, which does not show the enhanced electric �eld at the center, couples best

to dipole orientations in the y-direction. �e optimal location for the coupling is on top of

the waveguide SiN ridges. For completeness of the discussion, the coupling results for the

TM modes are given here too. It can be seen from Fig. 3.13, that the coupling performance

is much lower than for the corresponding TE mode of the slot waveguide. Between 20 %

to 40 % e�ciencies are possible for emi�ers aligned with the y axis.
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Figure 3.13. The TM mode couples mostly to emitters which are aligned along the z-direction,which coincides with the propagation axis of the waveguide. The highest couplingis reached on top of the waveguide top surface and its much lower than for the TEmode, since the enhanced fields in the slot are not present.

3.3.4. Slot Waveguide Mode Converters

�e advantages of slot waveguide modes of possessing an extremely high electric �eld

strength con�ned in a sub-wavelength dimensional slot, poses a challenge to match with

typical Gaussian optical modes in free-space and other integrated waveguides. �e mis-

match between the slot mode and the detection beam results directly in a loss channel
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through sca�ering and re�ection at the interface between the two. Mode converters have

to be designed to transfer each mode into the respective other one.

�e slot waveguide mode pro�le is an overlap between two Gaussian modes with a high

central �eld strength. �e mode is guided between the SiN ridges and di�ers from a typical

Gaussian beam in a strip waveguide or free-space in size and shape. It is generally impos-

sible to convert a Gaussian beam into such a mode by only using lenses, as the mode

diameter is less than a tenth of a the di�raction limit. Mode converters are speci�cially

designed optical components to achieve e�cient conversion between two mode pro�les.

General designs are adiabatic transformations, interferometric coupling regions and grat-

ings. Interferometric couplers are based on an interference of a mode with itself due to

an sudden expansion of the waveguide borders. Such designs enable e�cient transfer of

optical power into the slot mode with reported e�ciencies above 90 % [173, 174].

Figure 3.14. A SiN slot waveguide with grating couplers on each end. Adiabatically tapered modeconverters convert to a strip waveguide before the grating couplers couple to a free-space beam. The slot width is about 50 nm (below microscope resolution) wide andthe ridges are 300 nm wide.

In this thesis, a di�erent method was applied. An adiabatically tapered region in the

waveguide opens the slot within the waveguide over a long passage. An image of a man-

ufactured structure is shown in Fig. 3.14. For the speci�c design parameters, we relied on

the experience within the group of Prof. W. Pernice, who fabricated the structures in a

collaborative e�ort for us. Since the simulations and fabrications were done by the group

of Prof. W. Pernice, it is referred to further reading at this point, where e�ciencies of about

0.9 have been reported [173]. �e proposed and applied couplers all have in common, that

the conversion is very mode pro�le and wavelength speci�c. TE and TM modes convert

under largly di�erent conditions and designs. A coupler design for e�cient conversion of

the TE strip mode to the TE slot mode has only a negligable e�ciency to convert the TE

strip mode to a TM slot waveguide mode, and vice versa. Due to this fact, the collection

from any light coupled to the TM slot mode is not possible and negligible, when using

optimized designs for TE modes.

3.4. Summary and Outlook

�e e�cient coupling of an emi�er to a dielectric nano-structure is a combined optimiza-

tion of the emi�er properties and the geometrical properties of the dielectric guiding the
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optical mode. Strip waveguide and slot waveguides have been introduced and evaluated.

With a matching emi�er, where dipole orientation and enclosing material are optimized for

a given structure, coupling e�ciencies from 20 % to 100 % can be expected. Photon count

rates much higher than the free-space collection rate can be achieved in such systems and

further studies will therefore be conducted. However, the in�uence of the emi�er material

thickness was so far neglected and will enter discussions in the future. Other studies have

already shown, that the thickness of anthracene on a dielectric waveguide has a substan-

tial in�uence on the coupling e�ciency. Polisseni et al. have calculated, that a thickness of

about 100 nm is the optimal con�guration for coupling to a strip waveguide [175].

�e coupled �uorescence in a waveguide needs to be converted subsequently to a mode,

which can be e�ciently detected by a single photon detector. In the laboratory, free-space

detectors are o�en used and converters are required to bring photons to the detectors.

More details about the coupling experiments are provided at the end of the next chapter

(see section 4.8).





4 Grating Coupler

�e integration of all optical components into a single chip design is a current e�ort by

quantum optical experimental groups [16, 164, 176]. Single photon sources, waveguides,

optical elements, and detectors are being tested in on-chip con�gurations to allow fully

integrated experiments on a single microchip and a scalable technology towards optical

quantum simulators and processors [177, 178]. �is work aims at observing �uorescence

of a single molecule coupled to a waveguide. �e e�ciency of the detection of the guided

mode is therefore crucial and requires optimized photonic structure designs.

�e characterization and cross-check of such devices is naturally done in the laborato-

ries by individual reference equipment, which needs access to the guided light within the

structure. Free-space excitation and detection of the guided modes in integrated waveg-

uides serves as the interface between the chip layer and the laboratory. �e vast mismatch

between the two levels in terms of the optical mode size and shape, requires well designed

converters. �is chapter discusses the grating coupler, which is the tool of choice for this

task. Beginning with the design ideas and conception, the grating couplers are simulated

by calculating the sca�ering of the electric �eld of a guided mode of a 175 nm high silicon

nitride (SiN) waveguide at the coupler. �e sca�ered vectorial �eld is then analyzed and

an e�ciency is extracted to characterize the grating performance. �e highest achieved

e�ciency is 25 % for a single coupler. �e simulation results are verify by measurements

on a set of grating couplers fabricated by Prof. W. Pernice. �e measurements showed a

maximal e�ciency of 5 %. Potential reasons for this discrepancy are given in the closing re-

marks of this chapter. �is work led to two publications: ‘A realistic fabrication and design
concept for quantum gates based on single emi�ers integrated in plasmonic-dielectric waveg-
uide structures’ in Scienti�c Reports [39] and ‘Photostable Molecules on Chip: Integrated
Sources of Nonclassical Light’ in ACS Photonics [137].

4.1. Optical Mode Conversion

�e guided optical modes have di�erent propagation constants and spatial electric �eld

pro�les than optical beams propagating in free space or �bers. �erefore an interface is

necessary to convert the guided mode to a free-space optical beam to allow us to use opti-

cal elements in the laboratory to excite the guided optical mode and detect the guided op-

tical mode from a waveguide. A focused beam in air has a shape and propagation constant

which di�ers from a the guided mode and a mode coupler or converter is required. �e cou-



54 GRATING COUPLER

pling is especially di�cult for high index-contrast waveguides such as silicon-on-insulator,

since the cross-section of silicon-based waveguides is more than two orders of magnitude

smaller than that of a standard single-mode �ber. �ere are several mode converter designs

possible to achieve this goal. Tapered �ber tips can work as a co-planar waveguide coupler
to transfer a �ber mode to a integrated waveguide mode [168, 179]. �ese systems show

very high e�ciencies of up to 90 % but share the same limitation, which is scalability. Only

one �ber taper is matched to one waveguide. Other techniques are tapered waveguide junc-
tions, which allows for bu�-coupling �bers and other waveguides e�ciently (up to 90 %)

[180, 181], and �ber-chip edge coupler with similar functionality [182].

In this work, we required a vertical coupling scheme, since we want to have confocal

scanning abilities during our �uorescence-coupling experiments. �e grating coupler is

a useful concept to access an optical waveguide mode in the vertical plane by using the

di�raction of the electric �eld. Grating coupler were used for a long time already and

di�erent designs of periodic structures to sca�er light are described in many publications

as well as review articles [183].

4.2. Grating Design

Figure 4.1. Design of an apodized grating coupler with a retro reflecting grating at the end withefficiencies ranging from 1 % to 6 %. FF: fill factor; MD: mirror distance; OA: openingangle; TL: tapered region length

A grating coupler is a periodic corrugation along the waveguide axis with periodicity of Λ.

�e waveguide mode ei(βwgz−ωt )
sca�ers at the grating and refracted waves ei(kmz−ωt )

of or-

derm leave the grating. �e refraction condition for this process is given by energy conser-

vation and momentum conservation. Energy conservation requires that the wavelengths

of the electric �eld remains unchanged, whereas momentum conservation kin + K = kout
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leads to the commonly known grating equation

2π

λ
ne� +m

2π

Λ
=

2π

λ
n cos(Θm) (4.1)

⇔ ne� = n cos(Θm) +
λ

Λ
(Grating Equation), (4.2)

whereΘm = sin
−1(βwg/kout ) is the incident angle above the grating and ne� is the e�ective

refractive index of the guided mode [184]. �is expression contains also the Bragg con-

dition, which is the resonant case at Θ = π/2, where the mode is sca�ered back into the

waveguide. In a typical grating coupler application, the optical wave exits the coupler in a

vertical direction (Θ ≈ 0). �is way a lens above the waveguide chip can e�ciently collect

the sca�ered light and excite waveguide modes by focussing light onto the grating region.

Typically, near-vertical coupling is preferred in order to avoid second-order re�ection from

the chip surface and other surfaces above the grating region [185].

4.3. Grating Performance Parameter

�ere are two di�erent ways to evaluate the e�ciency of a grating coupler, semi-analytically

and numerically with a FEM-Maxwell solver. �e analytical approach o�ers an intuitive

picture and is able to determine the correct periodicity Λ of the grating based on the ef-

fective refractive index of the guided waveguide mode. However, since the grating itself

changes the e�ective refractive mode for the guided electromagnetic mode, numerical tools

have to be employed to estimate the correct e�ciencies and optimize the grating design.

�e semi-analytical approach uses a perturbation picture for the e�ect of the grating

coupler [186]. Tamir and Peng proposed this idea �rst in 1977 and while it is mathematically

speaking not always applicable to all grating coupler designs, it proves to be a great tool to

improve the overall performance and understanding of a grating coupler. At each grating

groove, the energy of the waveguide mode is partially refracted into a wave under the angle

Θm , given by the grating equation 4.2. �e guided power in the waveguide is therefore

reduced along the grating axis z [184]. For a uniform grating the intensity of the waveguide

is

I (z) = I0e
−αz , (4.3)

where α is the power leakage or sca�ering strength of the grating. In the same way, the

outcoupled intensity has an exponential pro�le along the z axis [186]. An exponential beam

pro�le has disadvantages for incoupling and the outgoing waves. �e incoupled light is

a Gaussian beam, which is mismatched to such a the grating mode. In the same way

the outcoupling mode can not be e�ciently collected. Orobtchouk et al. showed that the

theoretical limit of a uniformly shaped grating coupler is 78 % [187]. In order to achieve

be�er coupling, the leakage parameter has to vary along the grating region to counter the

disadvanteous beam pro�le. A non-uniform leakage factor α will depend on z and the



56 GRATING COUPLER

outcoupled pro�le can be shaped arbitrarily [188]. A Gaussian pro�le is generated by

2α(z) =
G2(z)

1 −
∫ z

0
G2(x)dx

(4.4)

whereG(z) is the normalized Gaussian pro�le [188, 189]. �e function resembles a skewed

Gaussian pro�le. Gratings that have a modi�ed leakage parameter as shown in 4.2, gen-

erate Gaussian beams at the grating output ports.
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Figure 4.2. Gaussian beam conversion is achieved by modifiying the leakage parameter of thegrating coupler. For simplicity of the fabrication of such gratings, a linear profile isadapted from this skewed Gaussian profile.

Non-uniform leakage factors can be fabricated either by varying the etch depth of the

grooves and/or by varying the gap to ridge aspect ratio of each groove. �e la�er technique

is called apodization of the grating periods. �is greatly improves the coupling e�ciency

of grating coupler since the output of the grating coupler resembles a Gaussian beam.

Complex designs were proposed and fabricated with coupling e�ciencies of over 95 %,

where with the aid of genetic algorithms each groove and each ridge was optimized [184,

190, 191].

�e grating coupler operates in both propagation directions. �e outcoupling has a

stronger focus here, since we aim to detect as much as possible of the coupled �uorescence

from an emi�er. At the �uorescence wavelength of 785 nm the SiN waveguide is a single

mode waveguide. �e height pro�le of the waveguide is given by the availability of silicon

nitride wafer. 175 nm-wafer of high quality silicon nitride on silica wafer were provided

by the group of Wolfram Pernice. �is very thin material thickness allows for a large

portion of the optical mode to extend into the upwards space, where molecules will be

able to interact with the evanescent light �eld. In the lateral direction the waveguide is

500 nm. �roughout the literature and in this thesis, only the two-dimensional version of

a grating coupler is calculated and the third dimension extends into in�nity. �is reduction

of the electromagnetic problem cuts the computational costs by many orders without losing

quantitative precision. �is is due to the rectangular shape of the waveguide. �e guided

optical transverse electric (TE) mode guided on the wider side of the rectangular waveguide,
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has an e�ective refractive index that is only a few percent di�erent from the refractive index

of bulk SiN, meaning that the mode is almost exclusively guided within the material and

can be separated in x-direction and y-direction perpendicular to the propagation axis in

z-direction E(x ,y) ≈ E(x)E(y). Additionally, the grating region is widened over a length

of about 2 µm. �erefore, at the �rst grating tooth the waveguide has therefore a width of

about 2 µm. �e e�ective refractive index of the fundamental TE mode of a SiN waveguide

with a width of 2 µm is ne� = 1.9888, which is almost equal to the refractive index of

bulk SiN material nSiN = 1.9971 at 785 nm (= 99.5 %)[192, 193]. �e e�ective refractive

index of the strip waveguide is almost identical to the slab mode, therefore only the two-

dimensional problem is considered in the following part of the thesis [188, 194].

0 530 nm

0
175nm

m

SiO2

Air

Figure 4.3. Side profile of a typical grating coupler design. The scattering angle is given by thegrating equation (4.2) and depends on the effective refractive indexneff of the guidedmode.

When looking at the side pro�le of a grating coupler it becomes very obvious, that the

�rst gap induces a large di�erence in the refractive index, which results in a very large

leakage parameter for the optical mode. Under certain conditions in the full sca�ering

of the mode within only the beginning of the grating. Additionally, the free-space mode

pa�ern will be very distorted, since there are only few interfering sca�ered waves. In order

to reduce the leakage strength of that �rst period, the depth of the grooves are reduced.

�e grating structure is wri�en only into the top part of the waveguide material with the

positive e�ect of reducing the leakage rate of the guided mode. While this is a common

approach and theoretically o�en proposed to a�ain high coupling e�ciencies (e.g. [195]),

the fabrication techniques and materials do not always allow for this approach, as several

masks and substantially more fabrication steps are required. In this work, we also do not

have the capabilities of partially etching the grating into the waveguide design and so we

choose a full etching depths to all grooves over all periods.

Apodized Grooves: In order to keep the fabrication simple and easy, an apodization

technique is employed to achieve high coupling e�ciencies. �e grating grooves have a

modi�ed groove pa�ern (see Fig. 4.3). �e gap to groove ratio over one period is chosen

very small at the beginning of the grating. �is reduces the interaction length in a di�erent
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way with the same result. Notably, the period is the same value, so that the sca�ering

condition is ful�lled over the whole grating. �e apodization is started at the smallest

feature size, that the fabrication facility can o�er for a given material. In our case, in

collaboration with the Nico Gruhler and the Wolfram Pernice, SiN can be etched at a feature

size of about 40 nm. In all of the designs the �rst groove is 40 nm wide, while the period

is normally in the range of 480 nm to 580 nm. Due to this fabrication precision the initial

apodization ratio begins with a ≈ 40/500 = 8% �llfactor. �e �llfactor is then linearly

increased to create a Gaussian output beam.

Retro Re�ector: Some light passes the grating without interfering with it and con-

tinues as the initial guided mode to travel inside the waveguide material. �is residual

unsca�ered part of the light re�ects backwards o� a designed grating mirror. �e mir-

ror has a di�erent period which has to be optimized for constructive interference into the

reverse propagation axis. A�er the re�ection process the light enters the grating area a

second time and can sca�er another time into the upward region. �e e�ectiveness of the

mirror also depends on the mirror to grating distance, as this has to be matched again for

constructive interference.

Due to the nature of the grating coupler, the directionality of the outcoupling beam is

very narrow. Only propagation angles with a small distribution ful�ll the Bragg condition

for the propagation vector of the guided mode and the grating vector. �e angular distribu-

tion of propagating waves away from the grating coupler spans less than 10°. �is means

that we can collect most of the sca�ering light with a low NA objective lens. On the other

hand, the in coupling beam which is a tight focus with a large angular spread of incom-

ing electromagnetic waves couples very ine�ciently and most part of the light passes the

grating sca�ering only di�usely on the interface between the waveguide material and the

substrate.

�ere are two possible solutions to conserve the wavevectors of the incoming and out-

going waves. �e grating coupler itself, does not break the symmetry between the upward

and downward sca�ered waves. �e di�erent materials with di�erent indexes of refraction

a�ect the symmetry and more light is sca�ered towards the material with the higher index

of refraction, i.e. the substrate. �e downward sca�ered light also shows a very di�erent

angular distribution than the air-sca�ered light, since the refractive index also changes the

Bragg condition.

In order to still get access to the ’lost’ light in the substrate, another retro-re�ector can be

fabricated underneath or in the substrate. Usually a metal layer is positioned underneath

the coupler region to re�ect the light back through the grating region into the direction

of the collecting lens. �e spacing of the re�ector is crucial for the same reasons it was

argued for the Bragg re�ector behind the grating coupler in the plane of the waveguide.

Constructive interference has to be achieved with the initially upward sca�ered light to

increase the e�ciency of the coupler further [195].

�e width of the waveguide is smaller than the Gaussian focus at wavelengths in the

visible light spectrum. �erefore the grating is designed to focus the incoming light into

the plane of the waveguide by using curved grooves [196]. �e curved pro�le can be math-
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ematically derived from the constructive interference condition at the waveguide by the

sca�ered waves from the grooves. Waldhäusl et al. have shown that a focusing grating can

be designed by

qλ0 = ne�

√
y2 + x2 − znt cos(Θc ) , (4.5)

where q is an integer for each grating groove, Θc is the incident angle, nt the refractive

index of the surrounding [196]. �is formula describes elliptical grooves with a common

focal point at the waveguide at the end of the tapered region. Coupling e�ciencies of 33 %

have been reported with these structures [196, 197] .

4.4. Simulation

Before the fabrication process, the design parameters of the optical structures are deter-

mined and optimized based on numerical calculations on the electromagnetic �eld sca�er-

ing with the grating structure. �e electromagnetic vector �eld solver JCMWave calculates

the �eld distribution in a computation domain according to the Maxwell equations. �e

�nite element method (FEM) employed here was chosen because of its dynamic meshing

capabilities and steady state solution precision. �e solutions of the calculations give an

expectation value for the e�ciency of the grating structure as well as the full set of fabri-

cation parameters.
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Figure 4.4. Simulation results of the waveguide mode in a 175 nm thick SiN waveguide on topof a SiO2 substrate. (a) A one-dimensional simulation result of the mode in a stackof infinite planes in x and z. The arrows are the electric field strength Ex of theguided mode in the sandwich structure and serve as a source for all two-dimensionalscattering problems. (b) The propagating electric field wave in the waveguide. Theexcitation in this steady state solution is an electric field mode polarized along the x-axis (out of paper plane axis) which matches the waveguide mode constructed alongthe z axis.
�e simulation procedure was set up to generate the mode of the waveguide �rst and

then allow this mode to enter the calculation domain (CD), where the guided mode scat-

ters along the grating design. �e e�ciency η of the grating is the amount of electric �eld

exiting the CD on top of the coupler region. �is general scheme is independent of the
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simulation tool to solve the Maxwell equations and the speci�c so�ware properties are

referred to separately. A standard procedure was followed in which the fundamental opti-

cal mode is calculated along the z-axis for a layered geometry of (from top to bo�om) air

→waveguide→ substrate. �e solution is an electromagnetic wave propagating inside an

in�nitely expanded sheet of SiN and the electric �eld has the form given in Eq. (4.6).

E(ω, t) = E(x,y)e
−i(βz)e(ωt ) (4.6)

As already introduced in section 3.3.1, TE and TM modes are solutions to the propagation

problem of the Maxwell equations with boundary conditions of a waveguide. �e funda-

mental TE mode for the waveguide has a propagation constant β = ne�2π/λ, where ne� is

the e�ective refractive index of the TE mode. �e mode solver �nds the modes for a given

geometry. �e simulation design was matched to the available physical sizes of process-

able wafers. A high-quality SiN-wafer with a thickness of 175 nm was available to use and

therefore the simulation e�ort was focused to a waveguide thickness of 175 nm. At this

thickness and a required wavelength of λ = 785 nm the waveguide is strictly single mode.

�e electric �eld vector x-component of a mode propagating in z direction with alternating

positive and negative values is shown in 4.4.

�e electric �eld of the TE mode is used now as an excitation electric �eld in the two-

dimensional calculation domain (CD). As a testing and reference case a straight waveguide

is geometrically designed. In x-direction the geometry matches the initial one-dimensional

layout of a stacked layer and in y-direction the waveguide extends a few micrometer. While

the CD is 8.5 µm × 14.6 µm large, perfectly matched layers (PML) surround the CD and

simulate perfectly absorbing layers around the CD. Re�ections from the PML are inhibited

and the electric �eld only interferes with waves from the source but not from any externally

incoming or re�ected waves. In Fig. 4.4 the electric �eld of the propagating TE mode in a

175 nm thick SiN waveguide on a SiO2 substrate is shown.

In the �nal step the grating coupler is included into the CD. Figure 4.5 shows an exam-

ple geometry of a grating and the mesh grid for the calculations. �e optical mode will

sca�er at the grating coupler grooves and divert into the substrate and the upper space.

Since the full vectorial �eld of the electric �eld is calculated, the sca�ering pro�le can be

computed, i.e. the angular distribution of the electric �eld, the Poynting vectors and the

�uxes through the domain boundaries. In a post-process, the electro-magnetic �ux into the

upward directed air �lled area is normalized to the total incoming �ux into the waveguide.

�is will give the ratio of light that can be collected by a objective lens right above the

grating coupler and equals the expected e�ciency of the coupler.

�e simulation was checked for convergence by comparing the results of calculations

of the same geometry under di�erent degrees of precision. For all tested geometries, the

simulations converged appropriately and from this the optimal resolution and precision

was determined to minimize the calculation time without a�ecting the outcome. �e results

of such a convergence test is given in the Appendix A.2.
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Figure 4.5 The solver includesa mesher that refines the meshdynamically in steps. Calculationareas with large changes aremeshed with more detail, whileother areas with less featuresare kept coarse. This substan-tially reduces the computationalcosts and allows for more pre-cise calculations. From top tobottom: the initial mesh anda mesh after two refinementsteps. Typically 4 to 6 refine-ment steps are conducted forthe final calculation.

�e simulation results in the electric �eld vectors over the CD. Fig 4.6a shows the elec-

tric �eld z component of a typical grating coupler result, from which the e�ciency of the

coupler can be determined in several approaches.

4.4.1. Fluxes
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Figure 4.6. Simulation results of the TE mode interacting with a grating of period 520 nm. a)Field distribution of the scattered electromagnetic mode in the 175 nm waveguide.b) Polar plot of the upward (dark) and downward (green) Poynting vectors calculatedfrom the scattered electric field solution.

In a postprocess the electric �eld �uxes throught each individual CD boundary is calcu-

lated. �e electric �eld �ux density vector ®D = ϵ ®E is projected onto the surface normal

vector ®S of each boundary interface and integrated over the boundary.

ΦD,S = ®D · ®S (4.7)

�is method allows us to retrieve the �uxes into the side interfaces as well as upper and

lower surface. Since the waveguide mode sca�ers fully at the grating, the sum of all �uxes
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ΦD,S equals the incoming �ux of the waveguide mode. Testing the sum of the sca�ered

outwards going �uxes against the �ux from the entering waveguide mode veri�es the con-

sistency of the calculated result. �e sum of all �uxes for a calculation are usually within

0.0001 % of the total incoming �ux from the optical mode.

4.4.2. Far Field Decomposition

A much be�er approach is the decomposition of the electric tensor �eld into plane waves

far away from the sca�erer. Another post process of the FEM solver calculates the far �eld

components of the sca�ered �eld. �e electric �eld strength under di�erent angles from

the location of the grating is derived from the tensor �eld of the CD. �e intensity of the

complex electric �eld strength in the far �eld is given by

I =
1

2

cϵ0n | ®E
2 | (4.8)

�e result of such a decomposition of the sca�ered �eld from a grating coupler is plo�ed

in polar coordinates in Fig. 4.6b. In this picture, the upwards sca�ered light is clearly

visible. It is also clear that most of the sca�ered light �eld enters the substrate and refracts

under di�erent angles underneath the grating coupler. �is part of the light is lost. Only the

upwards part can be collected by a lens system. �e polar coordinate system also illustrates

the directionality of the grating coupler. �e sca�ered light lies within a lightcone of ±12°,

which corresponds to a numerical aperture (NA) of 0.2.

4.4.3. Efficiency

Evaluating the e�ciency of a design is derived in two steps. First, the upward sca�ered

electric �eld intensity is derived from the far �eld components that are within the aperture

of a collecting lens above the grating coupler. �e Poynting vectors in the upward direction

are calculated in a post-process by the FEM so�ware. In the following, this e�ciency will

be referred to as the sca�ering e�ciency ηscat of the grating. It is the fraction of the power

that the grating is able to redirect into the upward space.

Secondly, the pro�le of the sca�ered electro-magnetic �eld is taken into account. �e far

�eld decomposition already revealed a non-Gaussian electric �eld in the upward direction.

�is becomes also clear if one plots the electric �eld along the x-direction above the grating

coupler. Fig. 4.7, shows the electric �eld strength Ez above the sca�ering grating.
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Figure 4.7. The scattered field Ex (lower plot) has the shown profile (upper plot) at 4.6µm abovethe coupler. This profile (dark line) has a 85 % overlap with a Gaussian beam profile ofa focused beam in the coupler plane (dashed green), which reduces the final couplingefficiency of the grating.

Lenses, �bers, and other optical elements for free-space and guided optics transfer and

image Gaussian beams. Such elements transform Gaussian beams into Gaussian beams

by Fourier transforming the optical modes. �erefore a Gaussian beam shape from the

coupler is desirable. �e deviation of the an optical signal from a Gaussian beam can be

evaluated by the overlap integral of two modes

ηoverlap =

���∫A E1E2dA
���2∫

A |E
2

1
|dA

∫
A |E

2

2
|dA

(4.9)

�e overlap integral additionally reduces the total e�ciency of the grating coupler, so that

the total e�ciency of the grating coupler is

η = ηscatηoverlap. (4.10)

To analyze the so-called mode coupling e�ciency, a Gaussian focus spot on the surface

of the grating coupler with a waist w0 = 1.22λ/NA is assumed to be fully collectable in

the imaging path of the optical setup. Since the near-�eld dominates the sca�ering �eld

directly at the grating coupler the overlap integral is evaluated far enough away from the

sca�erer, so that near �eld e�ects can be neglected, which typically is considered at the

Fraunhofer distance d = 2D2/λ, where D is the dimension of the sca�erer (here, the

period of the grating p = 520nm). In case of the grating the far �eld region starts at

around 600 nm to 1000 nm away from the grating surface. At this distance the waist of

the Gaussian beam has expanded to w(z) = w0

√
1 + (z/zr )2, where zr = πw2

0
/λ is the

Rayleigh length of the beam. �e overlap integral for the sca�ered electric �eld and an

expanded Gaussian beam of a 0.8 NA objective lens evaluates, illustrated in Fig. 4.7 to
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85 %. �is additional loss channel is considered in the evaluation of the grating couples

measurement.

4.5. Optimization of Grating Parameters

As seen in Fig. 4.1 and described above the grating coupler design has several parameters

that possibly in�uence the performance of a design. Each parameter was varied over sev-

eral steps and for each calculation the e�ciency η for collection into a 0.5 NA objective

lens above the coupler.

Parameter List Initial Values Optimized Value

Computational Domain
Length y 14.6 µm -

Height x 8.675 µm -

Mesh initial sidelength 0.3 µm <0.001 µm

Waveguide
�ickness 175 nm -

Material Si3N4 -

Grating
Period λ · ne� 530 nm

Duty cycle 0.5 0.3

Number of grooves 8 4

Number of apodized grooves 3 6

Mirror
Period λ/2 · ne� 265 nm

Duty Cycle - 0.3

Number of grooves - 5

Mirror-Grating distance 150 nm 275 nm

Table 4.1. Overview of all parameters of the grating coupler simulation and optimization.

�e period mainly determines the sca�ering properties of the grating coupler. A broad

scan of the period parameter shows the e�ciency landscape of the grating coupler. Fig. 4.8

shows the result of the simulation scan. �e e�ciency has its maximum between 525 nm

to 530 nm and a value of about 20.0 %. �e sca�ering e�ciency ηscat is about 28 % and the

overlap ηoverlap of the electric �eld Ex is almost 85 %. �e e�ciency drops for smaller and

larger periods drastically and recovers for longer periods to about half of its maximum

value.
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Figure 4.8. Period optimization: At the optimal period of 530 nm the Poynting vector isalmost30 % (gray) in the upward direction and the Gaussian overlap integral (dashed)reaches its maximum of 85 % resulting in an efficiency (dark) of η = 20 %. The rightplot shows the example profiles of the electric field Ex at 493 nm and 529 nm.
�e performance of a grating coupler is o�en also rated by its bandwidth. �e gratings

designed here have a 1 dB-bandwidth of 25 nm, and a 3 dB-bandwidth of 42 nm, which is

o�en cited by publications about grating designs and fabrication techniques [198]. �ose

numbers are comparable, however we did not verify this number experimentally, as a tun-

able or broad-band lightsource wasn’t available. Nevertheless, it gives us an idea, what to

expect when working with �uorescence of molecules, which have bandwidths of 50 nm

and more at room-temperature. Only a small fraction of the �uorescence will be coupled

out well by the grating coupler. Larger wavelength components will either be sca�ered

under unaccessible angles, or into the substrate.
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Figure 4.9. The bandwidth performance of the optimized design. Values in the literature areprovided in either 1 dB or 3 dB limits.
�e distance between the last grating groove and the �rst mirror groove, the mirror

distance, is another parameter with a large e�ect on the overall grating performance. Fig.

4.10 shows that the e�ciency is reduced for distances around 300 nm. �e mirror distance

was varied for a grating period of 525 nm. �is is due to the destructive interference of the
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residual waveguide mode a�er passing the grating coupler and the re�ected wave from the

mirror.
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Figure 4.10. Mirror Distance optimization: At the optimal distance between the grating and themirror is reached for a constructive interference between the forward travelingwave in the waveguide and the reflected wave. As in Fig. 4.8 the Poynting vec-tor (gray), the Gaussian overlap integral (dashed), and the resulting efficiency (dark)are shown in the left plot. The right plot shows the example profiles of the electricfield Ex at 336 nm and 468 nm.

So far only the sca�ering of the waveguide mode into the upward direction was con-

sidered. Since a high numerical aperture lens is used to focus light onto the waveguide

coupler, it can be assumed from the high directionality of the grating coupler output that

the incoupling e�ciency will be much worse in practice. To verify this, the incoupling be-

havior was also computed and JCMWave has appropriate tools available. �e simulation

was reversed and a Gaussian beam focused at the location of the grating coupler. Figure

4.11 shows the sca�ered electric �eld of a Gaussian mode transversing the grating plane.

�e grating sca�ers the electromagnetic wave into the waveguide and we compute the �ux

into the waveguide.
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Figure 4.11. The electric field scattering of a Gaussian mode hitting the grating coupler from thetop region. The flux through the waveguide determines the efficiency of the gratingcoupler.

�e results of the coupling e�ciency depends on various parameters of the Gaussian

beam, namely the focus position on the grating coupler, the beam waist, and the angle of

incidence. �e results of these parameters are given in 4.12
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Figure 4.12. Simulation results of the grating coupler and an incident Gaussian beam, where thebeam waist width, the lateral focus location and the angle of the beam was variedand tested for the optimal grating design calculated above.

�e overall e�ciency has a maximum value of 15 %. �e lower value can be explained by

the high directionality of the grating. A tightly focused beam has electric �eld components

under large angles, whereas the grating itself has a numerical aperture of about 0.2 [199].

�e parameter scans show that we can expect a total e�ciency for a grating coupler

of about 20 %, where the sca�ered mode overlaps between 80 % to 85 % with a Gaussian

pro�le. A strategy to increase the performance of a grating coupler is to access the ”lost”

electric �eld which is sca�ered into the substrate. A mirror surface underneath the grating

re�ects the intensity in the substrate back up towards the top region where the light is

collected. Ideally this would double the e�ciency for a perfectly symmetric coupler where
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the waveguide mode is sca�ered 50 % up- and 50 % downwards. An additional mirror un-

derneath the structure increases the e�ciency to about 69 % [185], even 80 % have been

reported [200]. �e distance of such a re�ector needs to be �nely tuned to results in con-

structive interference on the collection side. Burying the re�ector inside of the substrate

is very di�cult and requires many fabrication steps and usually results in evaporating the

waveguide material as well. �erefore the additional mirror can be placed above the grat-

ing.

Au

HSQ

SiO2

SiN

Figure 4.13. Sketch of a grating coupler with a HSQ spacing layer and a metal mirror layer above.

�is design change also results in an excitation and collection in the opposite direction

through the waveguide chip substrate. �e sca�ered and re�ected light passes the substrate

before it can be detected. A suitable spacer layer li�s the re�ecting metal �lm above the

grating. �e material hydrogen silsesquioxane (HSQ) is a widely researched silicon-oxygen

compound (H8Si8O12), which serves as a precursor to silica nano-structures. Upon curing

HSQ at high temperatures under a nitrogen atmosphere, HSQ forms solid Si/SiO2 structures

[201], which can be used to locally fabricate spacer plateau. �e top surface of the elevated

structure is then covered by a re�ective layer of silver or gold in an evaporative method.

�e refractive index of HSQ is n = 1.36 to 1.38 [202, 203]. �e material �lls the grooves of

the grating, which was �lled by air before. �e reduced di�erence in the refractive indices

also lowers the leakage parameter α for the grating, allowing for a less strong sca�ering

within the �rst few grooves of the grating and theoretically allowing for a be�er Gaussian-

mode matching. �e value of the mirror grating becomes more important as it will also

mean that less intensity of the mode is sca�ered in a single grating pass.

4.6. HSQ Layer Simulations

�e parameters of the grating change under the HSQ layer and the simulations were run

a second time to �nd the best parameters. Only a few examples are shown here, but all

the optimized parameter values are given. �e optimal period for the grating changes

to 507 nm, the mirror period to 225 nm, the mirror distance to 250 nm. Overall the HSQ
parameters are closer to the ideal values given by the grating equation (4.2), which only

holds for gratings with a low leakage strength α , where it can be assumed that the e�ective
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refractive index of the waveguide is not changed. �e gap �lling HSQ material with a

higher refractive index compared to air, reduces the e�ect of the grating grooves.
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Figure 4.14. Simulation results of the TE mode interacting with a grating of period 506 nm cov-ered by a HSQ layer of 500 nm. (a) scattered field Ex and (b) Poynting vector ofscattered field in polar coordinates.
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Figure 4.15. Grating Coupler with HSQ: The grating period with the best performance (507 nm)is shorter as compared to couplers without the HSQ layer on the top. The refrac-tive index of HSQ reduces the index difference and changes therefore the gratingcondition near vertical to the waveguide.

�e thickness of the HSQ layer sets the spacing between the grating and the metal re-

�ector. �e parameter scan below shows the dependence of the e�ciency and the spacing.

At thicknesses where constructive interference is observed underneath the grating, the

e�ciencies reach their highest values.
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Figure 4.16. Grating Coupler with HSQ: The HSQ layer thickness determines the efficiency ofthe grating coupler significantly as it causes constructive or destructive interferenceof the scattered field. As in Fig. 4.8 the Poynting vector (gray), the Gaussian overlapintegral (dashed), and the resulting efficiency (dark) are shown in the left plot. Theright plot shows the example profiles of the electric field Ex at 483 nm and 507 nm.

�e mirror period and the mirror distance were also scanned for their optimal values.

�e �nal design is shown in 4.17. �e coupler has a 50 % e�ciency with 85 % overlap with

a Gaussian mode. �is result matches other designs in the literature with similar grating

features. Mainly the full etch depth of the grating is hindering the design to reach higher

e�ciencies.

Ex-Gauss Mode
85 % overlap

Z ( m)

Y 
(
m

)

Ex-Field y = -4.9 m

Figure 4.17. The scattered field Ex (lower plot) has the shown profile (upper plot) at 4.9µm belowthe coupler. This profile (dark line) has a 85 % overlap with a Gaussian beam profileof a focussed beam in the coupler plane (dashed green), which reduces the finalcoupling efficiency of the grating
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4.7. Transmission Measurements

Based on the optimal coupler parameters found from the simulation, a grid of waveguides

with varying parameters was fabricated. �e parameters with the largest e�ciency impact,

i.e. the grating period, the mirror distance, and the opening angle of the coupler, were var-

ied around the calculated best simulation values. �is allows to verify the calculations and

also accounts for possible inaccuracies in the fabrication process. �e fabrication method

is described in the joint publication [137] and follows a common wet etch technique of the

SiN wafer.

Figure 4.18. Grating Couplers with varying parameter were fabricated in a grid on a SiO2 sub-strate. Waveguides connect two gratings with the same parameters to allow fortransmission measurements.

In order to determine the coupling e�ciency η of the fabricated grating coupler, the

total transmission t through a waveguide with one input coupler, a waveguide section of

around 10 µm length, and an output coupler of the same dimension as the input coupler was

measured. A laser beam focuses through a lens onto a waveguide coupler and that same

objective lens collects the sca�ered light from the second coupler a�er the guided mode

traveled along the waveguide section. �e �eld of view (FOV) of the objective lens is large

enough to excited and detect the same waveguide. �e outcoupling light was normalized to

the re�ection of a laser focus of a silver mirror. If the incoupling and outcoupling e�ciency

at the respective grating coupler are assumed to be the same, i.e. ηin = ηout = η, then the

transmission and the grating e�ciency relate to each other in the following form:

η =
√
t . (4.11)

Transmission measurements and analysis were conducted in a master thesis by Antonio

Rylke [204], which was supervised during this thesis. In the following, the results of this

work are summarized and some of the measurements are shown. For further information,

the masters thesis contains a complete chapter on this ma�er [204]. A self-constructed

microscope was used to conduct the measurements. �e microscope is a derivation of a self-
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Figure 4.19. The transmission of the waveguides was evaluated in a self-constructed microscope.The field of view of the microscope enables a full image of a single waveguide, sothat a computer was used to integrate the transmitted light over the output grating.
SM: scanning mirror, P: polarizer, HWP: half wave plate, 4-f: telecentric scanningsystem, BS: beam splitter

contructed confocal microscope, whose purpose was the detected of single molecules. �e

setup is sketched in Fig. 4.19. �e transmission measurements were done with an objective

lens with a 40x magni�cation (LD A-Plan NA 0.5), which allowed for a complete coupler to

be in the FOV. �e image of the coupler was �lmed with a EMCCD-Camera (Andor iDUS)

and the transmi�ed intensity summed up over the grating coupler by a 100x100 pixels

region of interest (ROI) . An example measurement is shown in Fig. 4.20.

�e incoupling e�ciency depends strongly on the positioning of the laser focus above

the incoupling grating. �e optimal position was found by scanning the laser focus over the

grating coupler and recording the transmi�ed light. An example incoupling scan is shown

in Fig. 4.21 a). �e graphic shows that the best position is found centrally at the �rst few

grooves of the grating with a heavy roll o� towards the sides of the grating and a slower

roll o� towards the rear grooves of the grating. �is corresponds well to the simulation

results, which predicted the most sca�ered light at the �rst few grooves of the grating.

�e polarization angle has to be matched with the polarization of the guided fundamen-

tal mode. �e guided TE mode has a polarization perpendicular to the propagation along

the waveguide and in the plane of the substrate. A�er sca�ering at the grating coupler the

light wave maintains the same polarization with respect to the new propagation axis. �e

measurement veri�es this and so is the best e�ciency achieved for angles ϕ = 90°, see Fig.

4.21 b), as to be expected from the guided mode in the waveguide.

�e transmission is improved almost by a factor of 2, from 0.08 % to 0.14 %, for larger

beam diameters. While the same objective lens was used, an aperture is inserted into the

beam before passing the lens. As a result, the angular spectrum of the focus is limited
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Figure 4.20. a): the contour of the waveguide overlaid to the transmitted and scattered light ofthe excitation beam. The incoupling beam reflects on the left side and the transmit-ted light exits the coupler on the right side. The outcoupling intensity is integratedover the coupler region. The reflected and scattered intensity on the left is higherthan the transmitted and outcoupled light on the right. b): lateral intensity profilealong the dashed line through the center of the waveguide.

and less large angles hit the grating coupler. �e plane waves under large angles do not

couple to the grating and contribute negatively to the transmission e�ciency. Blocking

this part of the incoming light, increases our measured e�ciency. However, this e�ect

does not increase the e�ciency of the grating coupler. �is does merely suggest, that the

incoupling e�ciency is much worse than the outcoupling e�ciency for the guided mode.

√
t = η underestimates potentially the actual grating coupler e�ciency.
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Figure 4.21. a) Scanning the laser focus over the grating coupler reveals a coupling peak at thecenter of the first few grooves of the grating and a sharp roll-off to the sides. Thecolored lines give the contours of the respective coupling efficiency. b) The polar-ization measurement shows a matching angle in the waveguide plane orthogonal tothe waveguide axis as expected from a TE-guided mode. The fit for the angle is a
sin

2 ϕ function with a maximum at 90.003°.
A large number of grating coupler were tested. A fabricated chip contained a grid of 11

columns and 27 rows, where for each node, i.e. each grating coupler, the parameters were
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Figure 4.22. Transmission measurement results of a grid of grating coupler. Based on the simu-lation results, a grid of grating couplers was fabricated with slight variations of theparameter space: FF - fill factor, TL - tapering length (in µm), OA - opening angle(in °), MD - mirror distance (in µm). The period was varied over the columns from485 nm to 585 nm. The highest transmission was found in column E row 8 at 0.17 %on this fabricated chip (technical name: NGJ23).

varied slightly. �e results of a large measurement collection is shown in Fig. 4.22. On

this particular chip, the highest transmission was found at the grating coupler with period

525 nm and a taper length before the �rst groove of 2 µm. �ree more chips were tested

during this work, where the highest transmission was found to be about 0.5 %. �is yields a

single grating coupler e�ciency of 6 %. A closer look at one subset of the grating couplers

in Fig. 4.22 (i.e. single row) shows that the e�ciency peaks at a di�erent period then

predicted by the calculations, see Fig. 4.23. �is could be explained by the di�erence in

the propagation constant of the optical mode of the slab waveguide to the strip waveguide:
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nslab = 1.635 against nstrip = 1.673. �is di�erence would in�uence the grating equation

4.2.
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Figure 4.23. Measured variation of the grating coupler efficiency over the period of the grating.

�e best e�ciencies of 0.36 % were achieved for a period of 545 nm and a mirror distance

(MD) of 375 nm. Assuming that

√
t = η still holds, the transmission results show a best

performing grating coupling e�ciency of η = 6 %. In our setup it was not possible to

vary the incident angle of the focussed beam, which is an important parameter to further

optimize the e�ciencies of the grating coupler [188]

Transmission of waveguides with a slo�ed region is about 50 % lower than for a waveg-

uide with the same grating coupler parameters. �e conversion from index guided mode

to slot guided mode must therefore have a low e�ciency as well.

4.8. Summary, Further Results, and Outlook

In this chapter the coupler between free-space optical beam and the guided modes in 175 nm

SiN waveguides was optimized and fabricated to allow the measurement and detection of

light in the waveguide. Together with the results on �uorescence coupling in chapter 3,

structures based on SiN waveguides in combination with grating couplers are suitable for

coupling experiments with single photon sources. �e basic principles were investigated

and evaluated as a possible path to integrate single photon sources to waveguides. Yet

some parameters need further investigation. Despite this, �rst coupling experiments were

conducted with the several photonic structures including the fabricated waveguides. Some

results led to publications, while others are a precursor to ongoing investigations. �e

preliminary experiments are being introduced in the following.

As mentioned above, optical nano-�bers were successfully employed to observe a cou-

pling to diamond defect centers. Together with Prof. Masazumi Fujiwara, room temper-

ature and cryogenic measurements were conducted, where diamond rods were a�ached to

a nano�ber of a diameter of about 300 nm. �is system was cooled down and the coupled

�uorescence of many defect centers to the optical taper mode was observed. �e results

have been published in ACS Omega [144].
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Figure 4.24. A nano-optical fiber with molecular crystals attached. The crystals brightnesscomes from a taper guided mode, that scatters strongly due to the large anthracenecrystals. The refractive index of anthracene causes to the guided modes to becomeleaking modes. Smaller crystals need to be fabricated to solve this problem, as wasdone in [205, 206]
In an a�empt to observe a coupling between molecules encapsulated in a molecular crys-

tal (see 6.2) and a nano-�ber mode, several 500 nm to 1000 nm �ber tapers were fabricated

in the clean room facilities of the Physics Department. Sublimated crystal �akes were then

li�ed o� the growth substrate (SiO2 cover slip) with a tungsten tip and then transferred to

the �ber, by approaching the nano-�ber and cautiously touching it. Crystal fractions stuck

to the taper surface as can be seen in Fig. 4.24. During the transfer process the taper trans-

mission was monitored. �e transmission is strongly a�ected as soon as the �akes come

near the taper. �e in�uence of the molecular crystals, which have an refractive index of

n = 1.6 and a size comparable to the �ber diameter, is immense. Other groups, notably

the group of A. Rauschenbeutel in Vienna, continued to reduce the size of crystalline

molecular samples and succeeded in observing single photons coupled to the optical �ber

mode [205, 206].

Figure 4.25 Coupled fluorescence ofmany emitters out of the grating cou-plers at the end of the waveguide. Top:microscope image of the waveguidestructure. Bottom: fluorescence imageof the same coupler, where scatteredlight exits the grating coupler.
�e waveguides described in 4.7 were used in conjunction with molecular crystals and

the observation of coupled �uorescence was observed. In collaboration with the research



4.8. SUMMARY, FURTHER RESULTS, AND OUTLOOK 77

group Costanza Toninelli at the LENS in Florence, Italy, this research direction resulted

so far in several publications [39, 137], with a large part of the research conducted at the

Humboldt-University of Berlin. Early a�empts were done with sublimated crystals on

the waveguides, see Fig. 4.25.

�e �uorescence from the grating coupler surface was observed, but was contributed to

many emi�ers. �e direct veri�cation of the origin of the �uorescence was not possible in

this way. Cryogenic measurements were the �uorescence of a single molecule can be iden-

ti�ed, are planned to further investigate the waveguide coupling. Measurements at LENS

institute in Florence, Italy in the meantime, made it possible to show large coupling rates

at room-temperature. Spin-coated molecular crystals with crystal heights of only a few

100 nm with single molecule concentrations allowed to observe the coupled �uorescence

between a waveguide and a single emi�er. �e results are published in ACS Photonics [137],

where coupling e�ciencies of 42 % were measured. In this work, HSQ covered waveguides

were used, see Fig. 4.26, which show a much higher e�ciency and additionally protect the

grating region from being covered by molecular crystals.

Figure 4.26. A waveguide section with a grating coupler on each end. The gratings are coveredby an HSQ layer. THe image shows the HSQ layer before it is then covered by agold metal layer.
Lastly, while working on this thesis, the potential of plasmonic structures was investi-

gated [39]. Plasmonic modes, while very lossy over long distances, o�er strongly con�ned

electric �elds and therefore large Purcell factors for coupled two-level systems. E�cient

plasmonic mode converters allow the e�cient excitation of plasmonic modes in metallic

waveguides. Samples were fabricated and �rst a�empts to couple molecules to these modes

were conducted. �is is an on-going e�ort to harness the potential of surface plasmons.
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In this part of the thesis, a single photon source in a solid state material is presented and

discussed as a potential candidate for quantum information and communications experi-

ments. Defect centers in a solid state matrix o�er a scalable approach to many quantum bit

processing and communication applications, since through the size and �xed location in

a crystal la�ice the interaction between many defects within a small area can be tailored

and exploited. Further some material systems can be shaped and fabricated by existing

methods from the semi-conductor industry. In this thesis, an unexplored defect center in a

promising material was characterized by means of �uorescence measurements. �e moti-

vation of this research is to overcome some of the short-comings of currently used defect

centers in other materials, where the materials are di�cult to process and the emi�ers suf-

fer from undesirable optical properties, i.e. spectral di�usion, linewidth broadening, and

so on.

�is chapter starts with an introduction to the solid state emi�er research state-of-the-

art and a discussion about the currently used emi�er systems and their bene�ts and fail-

ings. �erea�er, the host material zinc oxide is introduced, where a novel sample growth

technique yielded ZnO nano-rods.�e grown samples contain defects with long-term sta-

ble bright single photon emission, which were extensively studied with a self-contructed

confocal microscope. �e �uorescence showed �uctuations in the classical and quantum

regime. In the second part of this chapter, the milestone of measurements at cryogenic tem-

peratures of the ZnO defects is presented, which allowed the spectroscopy of zero-phonon

lines for the �rst time. �e narrow resonances give further insight about the properties of

the defect center. �e results of this work were published in Nano Le�ers under the title

‘Investigation of Line Width Narrowing and Spectral Jumps of Single Stable Defect Centers in
ZnO at Cryogenic Temperature’ [207].

Frontier of Defects in Solids

Integrated quantum optical nano-structures have applications in quantum sensing, quan-

tum communication, and quantum computation [208] [209]. Suitable material systems

with native point defects are being investigated and tested for their relevance to these

applications. �e most prominent representative for such a defect is the nitrogen vacancy-

center (NV) in diamond [210]. For a long time, diamond was di�cult to process for the
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emerging optical structure sizes and due to complex composite nature of the NV defect, it

could not be created deterministically within an integrated optical structure [211, 212]. Both

obstacles were overturned and NV centers are rightfully in the focus of many on-going

research, where micro-structures out of diamond can be fabricated with deterministically

placed defect centers [213]. When it comes to brightness and spectral linewidths, other pho-

ton sources o�er faster emission and spectrally narrower single photons. Fourier-limited

linewidths are desirable for applications where indistinguishable photons are mandatory,

e.g., in quantum computing and quantum repeater experiments. Many defects have been

identi�ed in various new hosts, e.g. silicon vacancy (SiV) [214, 215] and Cr-related [216]

defects in diamond, optically active defects in silicon carbide (SiC) [217, 218], or rare-earth

ions in oxide crystals like YAG and YSO [70, 219, 220].

5.1. Zinc Oxide

Zinc oxide belongs to the II-VI semiconductor classi�cation group and in its crystalline

form occurs in the zinc-blende, hexagonal wurzite, and rocksalt structure depending on

the growth methods [65, 221]. ZnO has a bandgap of 3.3 eV to 3.4 eV [65] and the insulator

electrical properties of pure ZnO can modi�ed to n-type semiconductor by changing the

dopant concentration. �e transparency of ZnO is kept during the doping process, giving

ZnO a unique chance for translucent electrodes and other electronic devices. However, the

controlled growth of p-type semiconducting ZnO remains a challenge to this day, which is

the main obstacle to fabricate transparent solar cells [65]. Nevertheless, ZnO is a promising

material candidate for integrated quantum optical nano-structures as it is readily available

in high purity quality, the base components are inexpensive, and its electro-chemical pro-

cessing techniques are well understood. It is easily etched in acids and alkalis providing

an opportunity for fabrication of small-size devices with current lithographic wet and dry-

etch processing methods [65]. Bulk cyrstal samples, thin layers on substrates, and nano-

particles of ZnO can be fabricated. Moreover, ZnO can be epitaxially grown with high crys-

talline perfection at exceedingly low substrate temperatures with reported temperatures

as low as 50
◦
C [222, 223]. Such low temperatures allow other materials and especially

conjugated organic molecules to survive a combined processing step for organic surface

functionalization or the realization of inorganic-organic hybrid structures [224]. All of the

above properties of ZnO are advantageous in manufacturing optical nano-structures for

hybrid and non-hybrid approaches [225]. Its high index of refraction of n = 2.0034 [226]

enables in theory to engineer photonic crystals and on-chip optical structures.

5.1.1. Defect Fluorescence

Fluorescence at room-temperature was observed in zinc oxide samples from bulk to thin

�lms. Di�erent spectral bands were observed and investigated in numerous ensemble de-

fect studies in order to identify the origin of the intra bandgap �uorescence with the most
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o�en cited �uorescence coming from the green and red luminescence bands. At present,

the exact origin of the various emissive defect centers in ZnO is still under investigation

and remains inconclusive a�er studying the literature. Many studies have been presented

in past and newer review articles, which summarize various growth conditions and sam-

ple preparations along with numerical simulations for stable defect centers in ZnO. [65,

66, 227–230] As already mentioned in section 2.2.1, native defects to ZnO are the zinc va-

cancy VZn, the oxygen vacancy VO, the oxygen interstitial Oi, and the zinc interstitial Zni.

�e defects can occur also in various charge states. Among native defects, impurities such

as Copper, Nitrogen, and Hydrogen were identi�ed seemingly for the two �uorescence

spectral bands. By controlling the growth parameters of ZnO samples, the concentrations

of impurities and defects were varied, while measuring the �uorescence. In such a way

the green �uorescence band was compellingly assigned to copper impurities during the

growth process, but in later studies also to the oxygen vacancy by growing samples in an

oxygen-rich atmosphere [65]. In 2012, �uorescing single defects were identi�ed in ZnO

by Morfa et al., a partner to our research group [231, 232]. In their studies the origin of

the defect was not identi�ed, despite utilizing polarization-dependent excitation and emis-

sion characterization and several surface treatments, demonstrating that emission from

ZnO point defects was in�uenced by hydrogen plasma treatment and overcoating with a

polymer barrier layer [232].

5.2. Sample Fabrication

Based on these previous �ndings, nm-sized particles containing defects of presumably the

same kind were grown by Anthony Morfa at the Freie Universtät zu Berlin and investigated

by our laboratory. �e fabrication method is based on familiar techniques and was adapted

to produce ZnO nanorods samples with with single defect concentration. �e fabrication

details are beyond the scope of this thesis and are therefore copied from the publication

achieved during our cooperation with the title: ‘Investigation of Line Width Narrowing and
Spectral Jumps of Single Stable Defect Centers in ZnO at Cryogenic Temperature’ [207].

Figure 5.1. SEM images of zinc oxide nanorod samples at two different magnifications.

ZnO nanorods are produced via electrochemical growth on optically transparent indium

tin oxide (ITO) on glass substrates using a previously described method [233]. �e resulting
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sample size are ITO chips with a 10 mm × 10 mm coverage of ZnO. �e ITO substrate is

used as the working electrode in a three-electrode electrochemical setup with a platinum

counter and reference electrode. A solution of Zn(NO3)2 (7 mM) at 80
◦
C is used as growth

solution for an amperometric growth at −1.4 V for 2000 s. To increase the inter-rod spacing,

ZnO nanorods are grown through the interstitial apertures of a nanosphere lithography

mask made from polystyrene beads with a diameter of 471 nm. �e polystyrene beads are

removed a�er nanorod growth by immersing the ITO substrate in toluene for 30 minutes

without sonication. Total nanowire lengths are approximately 1 µm, with a diameter of

about 200 nm. A�erwards, the samples are annealed at 500
◦
C for 30 min in a temperature-

controlled oven. �e morphology of the ZnO nanorods is determined via SEM analysis

using a Hitachi SU8030 SEM, with a typical accelerating voltage of 7 kV (see Figure 5.1 a,b).

5.3. Optical Characterization

5.3.1. Optical Setup

A home-built confocal microscope was used for the optical studies of ZnO nanorods, Fig.

5.2. �e success of this technology lies in the di�raction-limited spatial �ltering of the

detection volume. �e image of the collected �uorescence from a point source equals an

Airy-pa�ern, where the central part of the image has a radius of r = 0.61λ/NA containing

84 % of the all intensity. A pinhole at the image plane is chosen to match that radius, such

that most of the light can pass the pinhole, cu�ing o� only the outer fringes of the Airy

pa�ern. �e pinhole not only �lters the detected light in-plane, but more importanly axi-

ally. Light coming from slightly below or above the sample image plane of the microcope

objective transverses the pinhole at very low e�ciency. �is ensures, that the detectors

measure the �uorescence signal of a di�raction limited volume on the sample, whereas

other light sources are �ltered spatially.

A 532 nm continuous wave (cw) and a pulsed laser source (Pico�ant PDL-800 B) at powers

of up to 2 mW were used to stimulate �uorescence in the samples. �e sub-bandgap exci-

tation only excites electronic states within the band gap, while the crystal transmits the

laser light. �e laser light was focused onto the sample through an high numerical aper-

ture air objective lens (Olympus, 150 Magni�cation, 0.95 NA) mounted on a piezo actuator

to precisely set the excitation and detection volume in z-axis on the sample. �e sample

mount is located on a XY-axes piezo scanning table to enable lateral scans over several

tens of micrometers. �e excited �uorescence is collected by the focussing optics and sep-

arated from the excitation light by a dichroic mirror. �e �uorescence is detected by either

a Hanbury-Brown and Twiss (HBT) interferometer with two PerkinElmer APD modules

or for spectral analysis by a Princeton Instruments i2500 spectrometer with an Andor iDUS
CCD camera. �e same optical setup has a second integrated beam path for the excitation

light to include a cyrostat, see Fig. 5.2. �e focussing and collection objective lens (Mi-
tutoyo M Plan Apo 0.9 NA) is located in a vacuum chamber in front of the cold-�nger of

a CryoVac helium �ow cryostat system. �e sample was tightly glued to the copper heat
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Figure 5.2. Defect centers in ZnO were detected by a cryogenic confocal microscope setup.The sample was mounted on the cold finger of a flow cryostat and thermally con-nected to the copper by using silver paste. The objective lens sits above the samplein the vacuum. SM: scanning mirror, P: polarizer, HWP: half wave plate, 4-f: tele-centric scanning system, Dichroic mirror, LP: long pass filter 580 nm, PH: pinhole,
HBT: Hanbury-Brown-Twiss interferometer, APD: avalance photo diode, EMCCD:electron-multiplying CCD camera.

sink of the cryostat using silver conductive paint. In order to scan the sample with the

laser, a PiezoJena mirror tilting system and a telecentric system were setup in front of the

objective lens. �e telecentric system in a 4f -con�guration mirrors the angular tilt of the

beam by the scanning mirror onto the backfocal plane of the objective lens without chang-

ing the axial position of the beam, which passes the objective lens at its center but under

varying angles. Large area scans can be conducted without leaving the aperture of the lens.

5.3.2. Room Temperature Fluorescence

Two samples from di�erent fabrication batches were scanned in the room-temperature

confocal microscope setup. Randomly, 40 µm × 40 µm regions were scanned in a coarse

random grid over the mm-sized sample to cover central and peripheral areas. Initial con-

focal scans of the as-grown samples showed a very high emi�er density of approximately

one per µm
2
, where most of the defects have short-lived photostability and bleach within

seconds under laser illumination. �is behavior was previously reported by Wang et al.

[234], where the authors observed stable �uorescence a�er annealing the sample.
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Sample Conditioning

�e sample was annealed in an home-built oven with a controllable atmosphere, which

was available for us through the laboratories of Prof. Dr. Rabe. A heating wire around

the glass tube allowed to heat to high temperatures. A�er placing the sample on a carrier

inside the glass tube, the tube was evacuated and �ushed with nitrogen gas repeatedly. A

PID-controller managed the heating cycle, which was set to heat the sample at a temper-

ature of 500
◦
C for 30 min. A�er the annealing, the sample shows far less defects on its

surface, i.e., about 1-2 defects per 500 µm
2
. �e fewer defect center have a largely extended

photostability, presumably even absolute photostability. Within hour-long measurements

with continuous excitation no bleaching occurred. �e annealing temperature of 500
◦
C

is known to reduce oxygen vacancies VO, whereas the zinc vacancies VZn remain in the

material [234].

Notably, the sample’s defect exhibition returned to its initial, as-grown state, with many

bleaching defects and increased background �uorescence, a�er a period of about 2 months

of unused storage under ambient conditions. Repeating the annealing procedure recovers

the sample to the desired state with stable defect emission. �is hints towards a migration

e�ect in the ZnO crystals, where re-ordering of vacancies or impurities occurs.

5.3.3. Single Photon Emission

A �uorescence map of an annealed ZnO sample taken with the confocal microscope is

shown in Figure 5.3 c), where bright spots indicate locations of defect centers in the mate-

rial. On the annealed sample, about 30 defect centers were investigated at room tempera-

ture. �e �uorescence rates at the defect locations were in the range of 20 to 150 kcts/sec

with occasional very bright emission of more than 200 kcts/sec at an average pumping

power of 1 mW and a background �uorescence rate range of 5 to 15 kcts/sec.
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Figure 5.3. SEM images a) and b) of our as-grown ZnO samples showing ZnO rods and the inter-stitial apertures from the polysterene beads. Panel c) is a typical confocal microscopyscan of an annealed (500 ◦C) sample.

As a �rst step of the defect analysis, the single photon character of the �uorescence is ver-

i�ed by performing autocorrelation measurements. �en several indicative measurements
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are performed on each defect center. A complete measurement set on a single defect is

shown in Fig. 5.4. �e measured second-order autocorrelation function д(2)(τ ) was taken

with a pulsed laser source at a repetition rate of 80 MHz and pulse length of ≈100 ps. A

defect center can therefore absorb one photon per pulse, since the decay rate of the ex-

cited state is much longer than the pulse duration (Fig. 5.4 c)). One photon per pulse will

therefore be emi�ed and the normalized correlation function CN is composed of pulses of

photons spaced by the excitation source repetition rate. �e characteristic anti-bunching

dip is shown as a ”missing” pulse and the decay rate of the excited state is re�ected in the

shape of each pulse as depicted in Fig. 5.4 b). Some defects additionally show bunching

at short time scales with some pulses having a higher amplitude symmetrical around the

zero delay hinting towards a shelving state being involved in the photophysical process.

�e subsequent saturation measurement, Fig. 5.4 d), only indicates saturation behaviour

but the saturation intensity was not reached by the available laser intensity on the sample.

�is is further concealed by the strong background count rates at higher intensities. Spec-

trally, the defect emits into a broad phonon side band that ranges from 600 nm to 800 nm

(Figure 5.4 a)). A spectrum taken at one defect location begins on the shorter wavelength

side with the edge of the used long pass �lter. �e spectral emission around 650 nm and

the annealing procedure of our sample leads us to infer the zinc vacancyVZn as the origin

to the �uorescence signal.
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Figure 5.4. Defect characteristics at room temperature. Figure a) is a spectrum at CW excitation,b) measured second order auto-correlation function under pulsed excitation with arepetition rate of 80 MHz, c) fluorescence decay with double exponential fit address-ing background and defect emission lifetime, and d) a saturation curve with satura-tion intensity fit. Obviously saturation was not reached by the available excitationpower. The broad emission spectrum peaks in the visible spectral range at 650 nm.The lifetime of the excited state is on average 3.0 ns. The correlation function showsbunching and an anti-bunching signature where д(2)(τ = 0) ≈ 0.65.
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�e anti-bunching dip in the correlation measurement is noticably higher than the ideal

valueд(2)(0) = 0 and the peak of the pulse above 0.5. �e high background count rates from

the sample result in a signal-to-noise (SNR) ratio of 2 to 6. It is possible to show that an

average correlated emi�er intensity of 〈Ie〉 = e and an uncorrelated background 〈Ib〉 = b,

where д(2)
b
(τ ) = 1, produces a combined second-order correlation function of [235]

д(2)
eb
(τ ) =

e
2д(2)

e
(τ ) + b

2 + 2eb

(e + b)2
. (5.1)

In case of a continuous-excitation correlation measurement, Eq. (5.1) can be applied to the

two- or three-level correlation function as given in Eq. (2.21) and (2.25) by measuring the

intensities of background and combined emi�er-background.

Under pulsed excitation, the �uorescence of the emi�er and the background are both cor-

related with the excitation. By binning the measured counts within the period of the laser

repetition rate (12.5 ns), the analysis can still be exercised. �is is shown in Fig. 5.4 b),

where the bars represent the integrated correlation value for each 12.5 ns period. �e mea-

sured correlation function C(τ ) was �rst normalized by ��ing an exponential function to

the peak values of the �uorescence peaks, as shown in Fig. 5.5.
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Figure 5.5. The correlation function C(τ ) of a pulsed excitation measurement. Due to the start-
stopmethod, the correlations decay exponentially for longer delaysτ . The normalizedcorrelation function д(2)(τ ) can be derived by fitting an exponential function to thepeak values of the pulses and correct the delay-shift from zero. The fluorescenceanti-bunches and bunches at a time scale of up to 250 ns.

�e counts within each pulse are then integrated in time bins of 12.5 ns and renormalized

to to the integration values at long time scales >8 µs. �e new function is a coarsely binned

normalized correlation function д(2)
eb
(τ ), as would be measured by a continuous light source

with an emi�er count rate e and a background count rate b. �e process is illustrated in

Fig. 5.6.
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Figure 5.6. The pulsed-excitation normalized correlation function CN (τ ) of the fluorescence ex-hibits an impaired д(2)(0)-value. The correlations were binned by the repetition rateof the laser 12.5 ns and then corrected by using Eq. (5.1), with a total count rate of21 kcts/sec and a background count rate of 6 kcts/sec, resulting in д(2)(0) = 0.138.
�e background corrected д(2)

e
(τ ) can now be derived by using Eq. (5.1). From a time

trace measurement the total counts of this defect center were extracted to be 21 kcts/sec

with a background rate of 6 kcts/sec resulting in a SNR of 2.5. �e anti-bunching signature

of the corrected second-order correlation function has therefore a value of д(2)(0) = 0.138

and it is justi�ed to assume a single defect as the origin of the �uorescence photons.

5.3.4. Fluorescence Kinetics

�e emission dynamics of each scanned single emi�er di�ered from each other and from

the �uorescence trace it was possible to discriminate between two di�erent emi�er classes.

While the spectrum and the second-order correlation function at short time scales looked

very similar, a more precise analysis of the observed defects was needed to understand

more about the photophysical process.

�e typical second-order correlation function is recorded by a start-stop measurement be-

tween two input channels, where the start channel begins a measurement of time and the

second channel stops it. �e result equals the time di�erence between two consecutive

arriving photons and is sorted in a histogram, which then is normalized to give a д(2)(τ )-

function. �is technique simpli�es and speeds up the correlation calculation and gives

satisfactory results for correlations observed at short time-scales, i.e., time scales shorter

than the average arrival time of two photons in the signal. From a statistical standpoint,

this method is an inferior measurement to a full correlation function, as it neglects cor-

relations on longer time-scales and the normalization of the measurement is inherently

incorrect. In order to detect correlated events on a much longer time scale, time corre-
lated single photon counting (TCSPC) must be used. Here, the photon arrival times on both

channels are recorded as time tags in two lists of events, which are then correlated by an

computer. �e correlation can be done for every single photon event and time gaps of

seconds or more can be considered. �is method poses a high demand on the electronics
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processing speeds and additionally is not a ’real-time’ measurement, as the computing of

the lists is done a�er the recording phase, but it captures the true dynamics or kinetics of

the energy levels involved in the emission process over all times.

TCSPC was performed to analyze the statistics of the defects in ZnO. On our samples the

single photon emission showed either stable Poissonian statistics or di�use photon bursts.

In most instances, the bursts were observable in the time trace, where counts of the APD

signal were integrated from 1 ms to 500 ms depending on the so�ware user input. With the

TCSPC data both defects type’s time traces can be plo�ed with any desired time bins, as is

shown for 1 ms, 10 ms and 100 ms integration in Figure 5.7 a) - c) and e) - g).

In Figure 5.7, the two example defects center measurements are exempli�ed. �e defect

center �uorescence was recorded for one hour during which a tracking routine ensured a

consistent excitation while mechanical dri�s of the sample holder are counterbalanced.

Defect Center Type I shows a near-Poissonian emission behavior on all time scales. �e

model Poissonian distribution in Fig. 5.7 a) - c) is based on the average count rate λ within

the respective interval:

P(x) = e−λ
λx

x !

(5.2)

�e average count rate λ was extracted from the time trace of each chosen interval. �e

Poissonian distribution for single independent events is an indicator for the single photon

emission process of the defect center. �e deviation from the ideal Poissonian distribution

at large time bins stems most likely from mechanical dri�s in the setup and the repetitively

applied tracking algorithm. �e auto-correlation curve д2(τ ) of the dataset in Fig. 5.7 d)

was calculated for time di�erences τ of up to 1 s length and plo�ed on logarithmically

scaled time bin sizes. �e curves are normalized to unity at long time scales (τ > 1 s), i.e.,

where we expect to have no correlation. �e correlation function shows the well-known

anti-bunching at τ = 0 and bunching of photons at the µs-time regime. �e bunching is

a�ributed to an additional metastable shelving state involved in the photophysical process.

We �t a standard three-level system model to the data given by the following equation

(2.25):

д(2)(τ ) = 1 − (1 + a)e−|τ |/τ1 + ae−|τ |/τ2 . (5.3)

With τ1 = 1.9 ns and τ2 = 429 ns the model is in good agreement with the measurement.

Defect Center Type II shows di�use �uorescence emission from a base �uorescence state

with intermi�ent emission from a brighter state, also called photon bursts. �is suggests

more complex defect dynamics for center 2 than a commonly addressed two- or three-level

system. �e time traces shown in Fig. 5.7 e) - g) con�rm this behavior and deviate notica-

bly from a Poissonian distribution. Most of the counts come from a base energy level and

bursts of photons with exponentially falling probability occur.

�e auto-correlation function of defect center 2 shows anti-bunching and a complex bunched

photon emission. As compared to the three level model with two exponential terms occur-



5.3. OPTICAL CHARACTERIZATION 89

1 ns 1 µs 1 ms 1 s

ct
s.

 in
 1

00
 m

s

10x103

11x103

12x103

time (s)
0 10 20 30

ct
s.

 in
 1

0 
m

s

10x102

11x102

12x102

time (s)
0 1 2 3

ct
s.

 in
 1

 m
s

90

110

130

time (s)
0 0.1 0.2 0.3

oc
cu

re
nc

e 
in

 %

0

0.05

0.1

No. of photons in bin
10x103 12x103 14x103

oc
cu

re
nc

e 
in

 %

0

1

0.5

No. of photons in bin
1000 1200 1400

No. of photons in bin
50 150 200100

oc
cu

re
nc

e 
in

 %

0

3

1

2

g(2
) (τ

)

0.8

1.0

1.2

1.4
 

τ

a)

b)

Data
Poisson

Poisson

Poisson

Data

Data

Data

Data

Poisson

Poisson

1 ns 1 µs 1 ms 1 s

ct
s.

 in
 1

00
 m

s

1x103

3x103

5x103

7x103

time (s)
0 10 20 30

ct
s.

 in
 1

0 
m

s

1x102

3x102

5x102

7x102

time (s)
0 1 2 3

ct
s.

 in
 1

 m
s

10

20

30

time (s)
0 0.1 0.2 0.3

Data
Poisson

oc
cu

re
nc

e 
in

 %

0

0.02

0.04

No. of photons in bin
0 3000 6000 9000

oc
cu

re
nc

e 
in

 %

0

0.5

No. of photons in bin
0 200 400 600 800

No. of photons in bin
0 50 100

oc
cu

re
nc

e 
in

 %

0

3

1

2

g(2
) (τ

)

1.0

1.2

1.4

1.6
 

τ

196 ms

19 ms

e)

f)

g)

Center 1 Center 2

754 ns

d)

c)

h)

time delaytime delay

Figure 5.7. Emission dynamics by time traces (a-c, e-g) and by auto-correlation (d,h) for a Pois-sonian case and diffuse blinking. Center 1 exhibits Poisson-like emission statisticsindicated by 3 time traces at three time scales with the corresponding occurrenceplots (a-c). The light-blue curve is the calculated Poissonian distribution for the aver-age photon number in the time trace. The correlation function shows antibunchingat τ1 =1.9 ns and bunching at τ2 =429 ns and agrees with the theoretical three levelmodel with added background (light blue fit). Center 2 (e-h) shows a non-Poissoniandistribution. The emission rate occurrences have an extended tail to higher rates. Thecorrelation function shows three additional bunching time scales at 754 ns, 19 ms,and 196 ms to a conventional three level model.

ring (Eq. (5.3)), the measured autocorrelation curve for center 2 required three additional ex-

ponential terms with corresponding time constants τ3, τ4, and τ5. �e �t revealed τ1 =0.7 ns,

τ2 =30 ns, τ3 =754 ns, τ4 =19 ms, and τ5 =196 ms.

�ere are several possible explanations for such behaviors. Firstly, dynamics within the

bulk material or on the surface of the particles, couple to the defect center and the ob-

served correlation results are composed of these two properties. Secondly, the defect itself

might be a thermally activated process due to defect migration in the bulk or ionization

of shallow charge traps at the sample surface. To get a full understanding of the complex

dynamics cryogenic experiments are necessary since the thermal energy at room tempera-

ture may easily be su�cient to allow for the activation of these processes. One explanation

for the strikingly di�erent behavior of center 1 and 2 is that center 2 is located closer to

the surface than center 1. �e fast �uctuations of the large surface area of the nm-sized

particles couple to the defect energy levels and cause a dynamic emission of photons at

room temperature. Compared to other measurements in the literature, albeit only a few
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have been conducted, the defects studied here did not exhibit the reported bright and dark

state discrete blinking dynamics [232].

5.4. Cryogenic Measurements

In order to get a be�er insight on the ZnO defect, measurements at low temperature were

performed. In this section the experimental setup and the results are discussed.

5.4.1. Experimental Setup

�e samples were transferred to the cold �nger of a �ow cryostat (Cryovac Inc.) and glued

to the copper base plate of the heat exchanger by using silver conductive paste to ensure

good thermal contact. A constant �ow of liquid helium cooled the sample by evaporating in

the copper heat exchanger. �e same confocal microscope as shown in Fig. 5.2 was used to

detect the �uorescence from the samples. A second beam path was guided into the vacuum

region of the �ow cryostat, where the objective lens is mounted �xed above the sample. A

beam scanning mirror and a telecentric lens system were installed in the excitation beam

path to steer the excitation laser beam over the sample surface. At temperatures around

5 K about 16 defects on the same sample were studied with this setup.

5.4.2. Fluorescence

�e spectra of the defects are composed of sharp zero-phonon lines and shallow phonon

side band spanning over the same width as the room temperature spectra. Figure 5.8 shows

the spectrum of a single defect from the sample. �e zero-phonon line distribution between

di�erent defects had a range of 580 nm to 620 nm corresponding to the direct electron

transition energy of 2.0 eV to 2.1 eV within the ZnO band gap (3.34 eV). �is characteristic

photon energy marks the dominant transition from the lowest excited state to the defects

ground state. A literature research allows comparing this energy to bulk ZnO density

matrix calculations reported by Jano�i et. al for various native defects in ZnO. Our results

do not match the reported native defect energies [66], leaving the origin of this defect

undetermined. Since the calculations were done for native defects only, combinations with

them or impurities are possible candidates.

�e ZPLs were ��ed to a Lorentzian lineshape and showed widths as narrow as 0.08 nm

(≈60 GHz), which is the resolution limit of the used spectrometer grating of 1200 lines/mm.

Due to the resolution limit, the linewidths are assumed to be even narrower. To determine

the true linewidth, photoluminescence excitation spectroscopy measurements [236] have

to be carried out, which was not possible due to a missing tunable narrow-linewidth laser

light source. However, since a pulsed laser was available, lifetime measurements at cryo-

genic temperatures were possible and revealed an average lifetime of the defects of 8.4 ns,

see inset in Figure 5.8. �is is three times the duration of the room temperature lifetimes

and caused by the reduction of phonon assisted decay channels at low-temperatures. �e

corresponding natural linewidth based on the measured lifetime is δν ≈ 1/2πτ ≈19 MHz
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Figure 5.8. At T = 5 K the investigated defect centers emit spectrally narrow photons from theoptical ZPL transition. The spectral width of the measured ZPL is spectrometer lim-ited at 0.08 nm, where 8 % of the total phonon broadened emission is emitted withinthe ZPL (Debye-Waller factor ≈0.08). The insets are a corresponding a) lifetime mea-surement with τ = 8.4 ns, b) a д(2)(τ ) measurement with a background corrected
д(2)(0) = 0.03 value, and c) a saturation intensity plot with fitted saturation curvewith Is = 5.25 kW/cm2.

in the absence of dephasing processes. Consequently, the saturation intensity is reduced

and found at about 8 kW/cm
2

(see inset in Figure 5.8).

�e Debye-Waller factor αDW, Eq. 2.3, can be extracted from the taken spectra by cal-

culating the ratio between the area under a Gaussian pro�le �t of the ZPL with the area

under the entire spectrum. Figure 5.9 shows two spectra of two di�erent ZnO defects at

low temperature.
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Figure 5.9. Derivation of the Debye-Waller factors for two defect centers. a): Defect I has a ZPLat 580 nm (yellow curve: Gaussian fit) and a broad phonon sideband (hatched filling),resulting in a αDW = 0.12. b) Defect II shows a much narrower ZPL and a flat sideband,resulting in αDW = 0.07.
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�e center spectral location of the transition is 580.5 nm for defect I and 599.6 nm for de-

fect II. �e Debye-Waller factors are 12 % and 7 %, respectively. Over all measured defects,

αDW ranged from 8 % to 14 %, which is considerably higher than the factors measured for

other defect centers in other materials, e.g., for the NV-center in diamond, where αDW is

at most 2.7 % [90]. �is suggests a lower electron-phonon coupling of the defect electron

to the phonons in ZnO.

�e measured cryogenic autocorrelation function from a single defect shows anti-bunching

with a similar time constant as in the room temperature measurements, Figure 5.8. How-

ever, as compared to Figure 5.7 d) and h), a bunching signature is absent. �is might lead

to the conclusion, that the fast room temperature �uctuations are frozen out and the di-

rect electronic transition is una�ected at cryogenic temperatures. During the repetitive

measurement of several spectra of the same emi�er, a slight shi� of the ZPL position was

observed hinting at a slow di�usion process, which was further investigated.

Figure 5.10. 3D plot of ZPL spectral jumps of defects in Zinc Oxide. Spectra were taken every10 s. The ZPL appears at at least two different locations close to each other.

5.4.3. Spectral Diffusion

�e central position of the ZPL jumped within a spectral window of a few nm. For most of

the defects the locations of the ZPL were evenly spaced by 0.5 nm, as shown in Figure 5.11.

�is temporal behavior of the ZPL was captured by successively recording spectra with an

exposure time of 1 s to allow for enough light to fall on the spectrometer detector and to

not wash out the ZPL details and a detailed investigation of the jumps was possible. It was

found, as seen in Figure 5.11 c)-e), that the spectral jumps distance and frequency increases

with increased excitation power. �e corresponding energy of the smallest observed jump

distance is 0.5 nm (1 meV), which is well below the phonon energies in ZnO (10 meV to

100 meV) [237]. �is behavior is very similar to the observed behavior of spectral di�usion
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and spectral jumps in NV centers in diamond nanocrystals [236]. �e measurements lead

to the conclusion, that the spectral jumps occur are due to a �uctuation of the electrostatic

environment, i.e., ionization of localized shallow charge traps, and not caused by jumps

between di�erent structural defects in the crystal la�ice of ZnO. A very similar behavior

is found in the spectral di�usion of the ZPL of the NV center in nanodiamonds [238], where

a linear dependence of the jump frequency on the excitation laser power was found. An

investigation of the jump frequency as a function of the photon-energy of the excitation

laser may shine more light on the origin of the jumps.

5

10

15

20

25

Ti
m

e
/s

c)

590 595 600

0
25
50
75

100

Ve
rt

ic
al

S
um Iexc. ≈ IS/4

d)

590 595 600

Wavelength / nm

Iexc. ≈ IS/2

e)

590 595 600

Iexc. ≈ IS

5

10

Ti
m

e
/s

a)

575 580 585
0

25
50
75

100
125

Ve
rt

ic
al

S
um Iexc. ≈ IS/4

Defect No.6

Defect No.5

b)

590 595

Iexc. ≈ IS/3

Defect No.7

Figure 5.11. Power dependent spectral jumps of the zero phonon line of three different ZnOdefect centers with internal numbering, No. 5, 6 and 7. At excitation intensitiesaround Is/2 (Is ≈400µW) the ZPL emission peaks of various defects jump to equallyspaced locations, separated by (0.50 ± 0.05) nm (2 meV) (a, b). The spectral jumpsare larger and more frequent at increasing excitation power, here exemplified ondefect No.6. Subfigures (c-e) show the defect at excitation intensities Is/4 , Is/2,and Is , i.e., 100µW, 200µW and 400µW.

5.5. Summary and Outlook

In this chapter, an intriguing new bright and stable single photon source candidate was

investigate in-depth. �e ZnO nanoparticles were synthesized by a simple growth method

and stable emission was found a�er annealing the samples. �e fast dynamics of the inten-

sity �uctuations at room temperature recede at cryogenic temperatures, but slower spectral

di�usion processes occur that might come from the large surface of the presented sample.
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�is is presumably addressable by altering and changing the surface quality of ZnO and

needs to be taken care of before such an emi�er can be used as a reliable single photon

source. Strategies, like locally creating defects by irradiation of bulk ZnO of high purity,

are promising based on the results found in this research. �e potential of ZnO surpasses

the challenges of this young defect, since its bulk material properties allow for integrated

photonic structures combined with stable single defects. �e occurrence of stable defect

centers in nanoparticles enables for integration in hybrid photonic devices, e.g. by pick-

and-place techniques, where the nanoparticles are placed down onto photonic structures

[235, 239, 240].
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In this chapter, resonance �uorescence spectroscopy on single DBT molecules is presented

and discussed. A narrow-linewidth laser tuned on resonance with a single molecule two-

level system at cryogenic temperature can coherently driven Rabi osczillations of the elec-

tron between the ground state and excited state. �e low dephasing rate allows for coherent

control of the molecular state, a requirement for any qubit system. �e solution of the op-

tical Bloch equations describing the dynamics, which were introduced in chapter 2, are

applied to the results in the following chapter. �e requirements on the optical stability

of the light source and the imaging system are high in such studies, especially since the

molecule sample needs to have a temperature of below 4 K. �erefore the experimental

setup is described in-depth before presenting the measurement results.

A bath cryostat was equipped with a confocal microscope from the ground up and a

tunable narrow-linewidth laser system installed adequately. �e setup was built and used

for the �rst time in the laboratories of Prof. Oliver Benson and resonance spectroscopy

measurements show the potential of the apparatus. Only few research groups to date are

capable of similar measurements [130, 241–243].

Temperatures below 4.2 K are required to reduce the thermal dephasing of the linewidth

of the ZPL of a molecule, which reaches lifetime limited widths at temperatures below 4.2 K.

It will be shown that the dephasing of the ZPL at higher temperatures due to electron-

phonon coupling can be controlled and precisely mapped for a single DBT molecule in An-

thracene. �e results of this chapter are used to understand the e�ects of the nanoscopic

environment of a single molecule. �is chapter subdivides into the presentation of the

experimental setup, molecule sample preparation techniques, room-temperature �uores-

cence measurements, and the dynamics of the resonantly driven transition at cryogenic

temperatures.

6.1. Experiment & Technology

A cryogenic confocal microscope was designed and built aiming at detecting single molec-

ular emi�ers and resonantly excite the ZPL. �e two main components of the setup are

the bath cryostat and the optical setup. �e optical system is a laser scanning confocal

microscope, which is a widely adopted and o�en used technique in quantum optics since

its invention in 1988 [244]. �e unique feature of the setup built in this work is its incorpo-



96 A MOLECULAR EMITTER

ration into a bath crystat to provide the possibility to optically detect single molecules at

temperatures down to 1.4 K. �e following sections discuss each component of the setup.

6.1.1. Cryostat System

�e setup was constructed based on a commercial bath cryostat of the manufacturer Cry-
ovac. Inc.. �e base model Konti-IT was customized by the manufacturer to accomodate

a large sample chamber volume and many electrical feedthroughs to the sample chamber

needed for the scanning abilities of the confocal system, i.e. electrical feedthroughs for up

to �ve piezo linear stages, temperature sensor, Stark-electrodes, and extra connections for

future experiments. Wires with low thermal conduction and small cross-section were used

to avoid the impairing of the temperatures in the sample chamber. Fig. 6.1 shows a CAD

drawing of the cryostat.

Electrical Feedthroughs

N2 reservoir

Helium 
reservoir

sample
chamber

optical access

heat exchanger
diffusor

needle valve

Figure 6.1 Technical drawing ofthe cryostat Konti-IT. All accessports to the liquid coolant tanksand the insulation vacuum are onthe top of the cryostat. A liquid ni-trogen tank surrounds the innerliquid helium tank as a heat shield.A needle valve controls the heliumflow into the heat exchanger abovethe sample chamber, which is lo-cated underneath the helium heatexchanger and is surrounded by athree-layered copper heat shield.(©Cryovac. Inc)
�e bath cryostat is a stainless-steel cylinder containing all interior components insu-

lated by a vacuum. �e cylinder weighs about 120 kg and is mounted on a custom built

support frame, which was welded in the mechanical workshop of the institute. �e support

structure clamps to the side of an optical table by Newport. Images of the construction

are shown in Fig. 6.2. At the bo�om end of the cryostat sits the sample chamber, which
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has a diameter of 15 cm. An opening at the top connects to an feedthrough pipe to the

top of the cryostat, containing electrical wires and optical �ber access. �is pipe is also

used to evacuate the sample chamber and �ush it with contact gas during operation. �e

top plate of the sample chamber is a full copper body heat exchanger, which is vacuum

sealed to the insulation vacuum by an indium wire vacuum seal. �e heat exchanger is a

copper di�usor which allows liquid helium to evaporate and absorb its heat without en-

tering the sample chamber and the insulation vacuum. Liquid helium is provided by a

millimeter-sized pipe coming from the liquid helium tank above the sample chamber. �e

di�usor exhausts the evaporated gaseous helium into the outer wall of the double-walled

center feedthrough pipe of the sample chamber (without being in contact with the content

of sample chamber).

�e 16 L-liquid helium tank above the sample chamber is surrounded by a 10 L-liquid ni-

trogen (N2) tank shielding the inner tank from thermal radiation. Both liquid coolant reser-

voirs are thermally insulated by a low vacuum. �e tanks are wrapped in super-insulation

foil to further reduce the thermal connection to the environment. �e foil increases the

inner surface of the cryostat substantially, which in return increases the evacuation times

of the insulation vacuum. However, the additional thermal shielding is necessary in order

to prevent the evaporation of the coolants. A turbo-molecular pump system with a large-

volume membrane dry-pump from Pfeiffer (HiCube 80 Classic with MVP 070 dry pump)

evacuates the stainless-steel cylinder to pressures of 1 × 10
−5

mbar at room-temperature in

a time frame of 12 h to 18 h. From the helium tank, a small metal pipe feeds the heat ex-

changer with liquid helium. A needle valve regulates the �ow of liquid helium towards the

heat exchanger. �e evaporating helium in the exchanger cools the copper to 4.2 K. �e

gaseous warm helium exits the di�usor through the outer wall of the double-walled pipe

at the center of the cryostat. Helium recycles then through the institute’s re-�ow line.

�e sample chamber is �lled with helium contact gas at atmospheric pressure. �e con-

tact gas transfers heat from the heat exchanger copper block to the equipment inside the

sample chamber. A three-layered heat shield out of copper surrounding the sample cham-

ber protects from thermal radiation. Fused silica glass windows mounted on the side of the

sample chamber inner and outer shield provide optical access to the inside of the cryostat

along one axis.
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a) b)

c)

Figure 6.2. a) A custom support structure was designed and built to mount the cryostat to theside of an optical table. The top of the cryostat contains the access ports to vacuum,nitrogen tank, helium tank and sample chamber. The sample chamber itself can beseen underneath the cryostat, since heat shields and vacuum chamber were removedfor this photograph. The confocal microscope is on the optical table to the right. b)Sample chamber: The high numerical aperture aspheric lens sits in front of the samplemount (not shown), which is vertically positioned on top of a xyz-axis piezo-stack.c) Detection within light-seal: The fluorescence is imaged through a 50µm pinhole(right optical path) before entering the HBT (left hand side) with two APDs.

6.1.2. Cryostat Operation

A cooling cycle is �rst started by creating the insulation vacuum by the turbo-molecular

pump/dry pump system. Depending on how long the cryostat was le� open at the sam-

ple chamber side, a layer of water vapour will have adhered to the inner surfaces, which

releases only slowly during the evacuation and additionally impairs the dry pump’s perfor-

mance. Starting, stopping the pump with a subsequent �ushing with dry nitrogen gas has

to be done repeatedly before the turbo-pump can evacuate the cryostat e�ciently. Such a

procedure creates a dra� along the inner surfaces and residual water is detached and dried.

While patiently doing so, the pump down times are decreased and cooling can begin the

next day typically a�er 12 h to 18 h of pumping. �e pressure of the recipient has then
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reached a base line of ≈5 × 10
−5

mbar, where the thermal connection between helium tank

and the environment of the cryostat is low enough to begin the �lling process of the liquid

coolants.

First liquid N2 is transferred into the nitrogen tank. �en the helium tank is also pre-

cooled with N2, just before liquid nitrogen starts to �ll up the tank. �is pre-measure

reduces the duration of the cooling cycle drastically, since nitrogen has a much larger heat

capacity (due to the higher degrees of freedom) and is much more e�ective coolant. �e

helium tank is then evacuated from residual N2, before the transfer of liquid helium begins.

A 100 L-liquid helium dewar provides enough helium to cool the system to 4.2 K and �ll

the inner tank to a maxium in one run. A helium transfer line connects the dewar and the

helium tank of the cryostat, which has a hand valve that is opened 2 turns to regulate the

helium �ow. A transfer pressure of 0.5 bar on the dewar presses the helium through the

transfer line into the tank. During the loading process the insulation vacuum pressure re-

duces to 5 × 10
−7

mbar, since residual gas molecules a�ach to the cold surfaces of the inner

tanks. Temperature and pressure are controlled frequently during �lling process, since a

sudden vacuum break leads to a very fast evaporation of the coolants causing potential

damage to the cryostat and/or the helium re�ow lines.

With a full He tank, the cooling of the sample chamber can begin by opening the liquid

helium needle valve initiating a �ow into the heat exchanger. �e helium di�uses into

channels through the copper and evaporates by taking up thermal energy from the copper.

A rotary vane pump evacuates the excess helium at the exhaust line and pulls helium into

the heat exchanger in order to accelerate the cooling process. �e contact gas in the sam-

ple chamber transfers its heat to the heat exchanger and the sample cools down with some

delay. �e cool down speed of the sample chamber can be controlled by a temperature

reading on the heat exchanger and a temperature reading on the sample mount, which is

closest to the sample. During the cooling the sample chamber temperature trails the heat

exchanger by a few degrees, which is to be expected from such a system and shown in Fig.

6.3. A�er about 2 h the sample reaches 4.2 K and measurements can begin. Once the evap-

oration temperature of liquid helium is reached the system has a very stable temperature

of sub-mK stability over hours of operation. �e evaporation of small amount of helium is

enough to keep the system cold.

6.1.3. Operation beyond 4.2 K
Temperatures below the evaporation temperature of 4.2 K can be reached by reducing the

pressure in the helium heat exchanger. �is can be achieved in several di�erent operation

schemes.

In the single-shot method, the needle valve is closed such that the in�ow of liquid helium

is stopped. Now the exhaust line is evacuated by a rotary-vane pump. As a result of the

reduced pressure, the temperature of the heat exchanger can approach temperatures down

to 1.2 K. �is method allows for the lowest temperatures since the necessary pressure in

the heat exchanger is easily reached with no further helium entering the di�user.
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Figure 6.3. Cool down cycle of the bath cryostat, where the temperature of the heat-exchanger(WT:Wärmetauscher) leads the temperature of the sample. This is the fastest possiblecool down time, typically a slower rate of about 4 K min−1 was chosen to allow thesystem to thermalize.

In the continuous method the needle valve is kept slightly open during the pumping

phase. A �nal pressure is reached in the heat exchanger depending on the pumping rate

of the helium pump and the leakage of new helium from the tank. For su�ciently sized

pumps this method allows for continuous measurements at even the lowest temperature.

�e pressure and therewith the temperature can be adjusted precisely by a magnetic valve

adjusting the pump rate of the helium pump.

In order to reach temperatures up to 4.2 K, a resistive heating element is mounted on

the heat exchanger inside the insulation vacuum. Currents of up to 2 A generate 50 W of

heating power that can be used to raise the temperature of the exchanger. Regulating the

current allows for a precise control of the temperature of the heat exchanger and sample

chamber, respectively. �rough these methods, temperatures between 1.2 K to 300 K can

be explored and stabilized.

6.1.4. Sample Chamber

�e sample chamber underneath the heat exchanger has a footprint of 12 cm and a height

of 15 cm. Fig. 6.4 shows a rendered image of the sample chamber parts. �ree Attocube

piezo-driven linear stages (ANPz101) are mounted on the bo�om copper base plate, holding

and moving the sample mount along xyz-directions. For easier access and replacement of

the sample, the bo�om plate is suspended by four copper rods from the heat exchanger. In

this con�guration the chamber can be opened from underneath and the sample chamber

cylinder be removed without removing the electrical wiring of the piezo linear stages. A

custom sample holder carries the samples (glass slides and waveguide glass chips) verti-

cally in front of the optical microscope lens. �e sample holder also has a silicon diode

temperature sensor a�ached to it.
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Figure 6.4. A rendered CAD drawing of the cryogenic microscope setup within the cryostat, withthe single objective lens, the xyz-linear stages, and the sample mount with the tem-perature sensor. The copper base plate has a diameter of 12 cm.

�e single aspherical lens with a numerical aperture of NA = 0.77 at 800 nm wavelength,

a clear aperture of 5 mm, a working distance of 1.59 mm, and a focal length of 3.1 mm is the

�rst optical element in the setup. �e lens focusses the excitation light and collects the

�uorescence from the sample in front of it at the same time. A single lens was used in

order to withstand many cryogenic cooling cycles. Typical lens objectives have many lens

elements, which are prone to misalignment at low temperatures. Glued lenses, lens dis-

tances and alignment, and air-pockets are required to be stable in order to maintain optical

properties. Manufacturer usually cannot guarantee that the bene�tial lens corrections per-

sist at low temperatures. In any case, the optical qualities of a single lens are su�cient for

beams near its central axis.

6.1.5. Optical Setup

Confocal microscopy is a vital tool to study single emi�er quantum systems optically. It

was used already in chapter 5 for the e�cient detection of defect centers as described

in section 5.3.1. Confocal microscopy was also used for decades and was described and

employed in a plethora of high impact research studies [99, 245] related to single molecule

spectroscopy. �e full optical setup including the excitation laser and detection path is

sketched in Fig. 6.5.
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Figure 6.5. Cryogenic confocal microscope setup, SM: scanning mirror, P: polarizer, HWP: halfwave plate, 4-f: telecentric scanning system, BS: beam splitter, LP: long pass filter,
PH: pinhole,HBT: Hanbury-Brown-Twiss interferometer, APD: avalance photo diode,
EMCCD: electron-multiplying CCD camera.

A �ber-coupled tunable laser source was collimated on the optical table to a beam diam-

eter of 5 mm. Laser-line cleanup �lters suppress unwanted side modes of the laser and a

polarizer and a half-wave place (HWP) were used to rotate the polarization of the excita-

tion laser. �e excitation beam is re�ected towards the sample by a 90/10 beam spli�er (BS)

(Thorlabs), which re�ects 10 % towards the sample and dumps 90 % of the laser power. In

order to scan the sample surface with the laser, a telecentric system and a movable beam-

steering mirror were setup before the objective lens in a 4f -con�guration. Very long lenses

of 250 mm focal length were necessary to install in front of the cryostat, since the cryostat

heat and vacuum shields had to �t within the focal length of the lenses and the collection

lens inside. �e laser light is then focussed onto the sample by a 0.77 NA aspheric lens

(Edmunds Optics, single molded aspheric lens) to a spot size diameter close to the di�rac-

tion limit d = 1.22λ/NA = 1.3 µm at 785 nm. �e collimated beam diameter over�lls the

aperture of the lens, so that a near-planar wave front is focussed onto the surface. In such

a con�guration, the angle of the exciation beam can be tilted at the center of the back focal

plane of the asphere, without changing the lateral position of the beam. �e largest angle of

the beam steering system is ±26.3 mrad. Multiplying this with the focal length of the imag-
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ing lens gives the scanning area on the sample of 80×80µm (26.3 mrad×3.1 mm = 81.5 µm).

�is area was typically not fully explored since the optical image quality of such a single

lens system under such large angles su�ers substantially. Scans of 40 × 40 µm were per-

formed normally and whenever possible the piezo linear stages of the sample holder were

used to move the point of interest into the center of the collection lens to minimize the

lens aberations of the single asphere.

Collected light takes the same path back through the microscope as the excitation to-

wards the 90/10 BS, where now 90 % transverses and enters the detection path. A long-

pass �lter (Semrock Razor-Edge 785 nm) separates the residual excitation light from the

�uorescence, which is then focussed by a 10 mm lens through the pinhole with a diame-

ter of 100 µm. A second 10 mm lens collimates the spatially �ltered �uorescence behind

the pinhole. �e �uorescence can be analyzed in three di�erent beam paths. An electron
multiplier charged coupled device (EMCCD camera) (Andor iXon) images the �uroescence

optionally before or past the pinhole, to provide a wide �eld image of the sample. An

optical �ber routes the signal to a spectrometer (Princeton Instruments 2500i). And

lastly, a Hanbury-Brown-Twiss interferometer (HBT) with two avalanche photo diodes

(Perkin-Ellmer) detects single photon arrival events in two arms of the interferometer

and a photon correlator (Pico�ant PicoHarp) calculates the single photon properties of

the detected light by taking time correlated single photon counting measurements (TCSPC)

of the signal of the two APDs.

Laser Source

Tunability, narrow-linewidth, and stability are the core requirements on the excitation

light source for resonance spectroscopy of single molecules. A Coherent Inc. ring laser

899-21 was set up. It consists of titanium-doped sapphire ring laser system pumped by a

high-power diode-pumped solid state laser. A Coherent Inc Verdi V10 laser pumps the

sapphire crystal in the ring cavity with a power of 9.6 W at a wavelength of 532 nm, gener-

ating ≈600 mW of light at 785 nm. �e system includes various frequency stabilization and

scanning elements. �e system was used without further modi�cations and its operation

checked with a HighFinesse wavemeter via a �ber port, which has a relative accuracy of

±10 MHz. �e laser possesses a temperature controlled external cavity with an free-spectral

range (FSR) of 1 GHz with its transmission signal used to lock the laser. With a birefringent

�lter element the central wavelength of the cavity can be tuned from 700 nm to 850 nm. A

Brewster plate mounted on a galvo scanner can detune the cavity by 30 GHz, while a

piezo-driven mirror and two motorized etalons can lock the laser frequency to the exter-

nal cavity. �e laser operation mode free-run scans the Brewster plate at an adjustable

scan range from 0 GHz to 30 GHz at scan speeds between 0.025 s to 120 s. In this operation

mode the error signal of the external cavity can be checked for possible mode jumps. If

this slope a �at line and free from mode-jumps, the laser can be set to Lock, where the

reference cavity error signal is used to adjust and lock the laser ring cavity with the scan.

In this composite control of all elements, the laser has a linewidth of <500 kHz. �e elec-
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tronic system showed its age by allowing only li�le automated operation during a typical

scan. �e laser operation was found to have gaps in the wavelength regions, so that broad

scans were impossible to conduct.

An external reference cavity was used as a relative frequency reference for the scanning

laser. �e reference cavity is built in a Thorlabs cage system and composed of two high

re�ective �at dielectric mirrors with re�ectivity of about R = 96%. �e measured length

were L̄ = (13.75 ± 0.05) cm. From this length the free spectral range (FSR) ∆ωFSR = 2πc/2L

was calculated to be 1.086 GHz, with error of 8 MHz.

�e cavity was boxed in a styrofoam housing against thermal and acoustic insulation.

�e transmission signal of the cavity was detected by a silicon photo diode (Thorlabs)

and recorded by a analogue digital converter. �e recorded signal was then used as a scale

for the laser scans.

Detection Efficiency

�e measured saturation intensity as well as saturated photon counts at the APDs are a

result of the detection e�ciency of the confocal system. Technical and optical parts are

important in�uences on the e�ciency, but there are also emi�er and sample dependent

in�uences, i.e. the dipole orientation, the excitation polarization orientation, geometrical

considerations, and the emission pa�ern of the sample under the in�uence of the substrate.

�e detection e�ciency can be estimated fairly well, by multiplying all e�ciencies from

lens coatings to APD e�ciency [246]. �e total e�ciency is therefore given by ηtot =

ηgeom × ηdetection × η�lter × ηre�ection. �e geometrical emission e�ciency ηgeom depends

on the orientation of the emi�er to the excitation light �eld under the cone de�ned by

the collection angle of the imaging system. Since the location of the emi�er within the

material also determines the emission pa�ern, this value has a large range. Numerical

simulation tools can be employed to calculate the emission pa�ern of an dipole surrounded

by a substrate. Values for the collectable fraction of emi�ed �uorescence into the upward

direction above an emi�er on a substrate range fromηgeom = 1 % to 17 % for collection optics

with numerical apertures of 0.9 NA [246]. �is also includes the losses of ≈13 % due to the

spatial �ltering of the pinhole. �e detection e�ciencyηdetection is a result of the optics used

in the setup. Mirror re�ectances, lens transmission curves, and the detector e�ciency of

APDs are considered in this parameter. �is e�ciency can be estimated fairly well based

on the specs sheets of the used optical elements and sums up to about ηdetection = 0.26.

�e �lter e�ciency η�lter is the transmi�ed fraction of the �uorescence spectrum of the

emission. �e �lter used here blocks the ZPL emission of the investigated molecule and

passes only the higher vibrational modes of the molecule spectrum, the �lter e�ciency is

therefore around estimated η�lter = 0.3 to 0.6. �e total e�ciency based on those estimates

and characterizations is ηtotal = 6×10
−3

. �is result neglects the dead time of the APDs and

the in�uence of the triplet state of the emi�er, which reduces the total e�ciency further.

A simple calculation, however, shows that such total e�ciencies are su�cient for single

molecule detection: A molecule in its excited state emits a photon on average a�er the
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state lifetime. At a lifetime of 2 ns, the molecule emits 5 × 10
8

photons/s. A microscope

e�ciency of 1 × 10
−4

would still detect 5 × 10
4

photons/s from such a single emi�er.

6.2. DBT in Anthracene

�e following section introduces the molecular emi�er dibenzoterrylene (DBT) in an an-

thracene (Ac) host matrix. A�er presenting the basic understanding of molecule �uores-

cence in chapter 2 in section 2.2.2, this chapter explicitly focusses on the molecule DBT. �e

emi�er is thoroughly investigated by room-temperature and cryogenic temperatures, be-

fore resonance spectroscopy on the zero-phonon transition lines of single DBT molecules

is conducted.

(a) Dibenzoterrylene (DBT) (b) Anthracene (Ac)
Figure 6.6. The chemical structure of the aromatic molecules DBT and Ac. Ac crystals can hostDBT in two main orientations due to their respective size difference.

�e molecular system explored in this thesis is composed of the aromatic dye molecule

7.8,15.16-dibenzoterrylene
1
(C38H20) and the aromatic host Ac (C14H10). �e molecular struc-

tures of DBT and Ac are shown in Fig. 6.6a and 6.6b, repectively. Ac forms crystals held

together by weak Van der Waals forces forming three optical axes with di�erent refrac-

tive indexes corresponding to three crystallographic axes a: nx = 1.570, b: ny = 1.817, and

c: nz = 2.220 (at 546 nm) [247]. �e relative smaller size of Ac allows many larger aromatic

molecules �t into the crystal la�ice of Ac crystals. DBT replaces three Ac molecules under

two main insertion sites within Ac. One results in a electronic transition wavelength of

785 nm and a secondary one resulting at around 795 nm. At the main insertion site (785 nm)

the DBT dipole is oriented along the b axis of the Ac crystal [107]. For this system, the re-

fractive index can be assumed to be ny = 1.8 at 785 nm.

6.2.1. Sample Growth Methods

Doped anthracene crystals are prepared by either spin casting or sublimation of the two

materials. Both methods result in di�erent forms of samples and di�erent control over the

guest molecule dopant concentration and will be discussed in the following.

�e base materials were bought from chemical supply companies. Figure 6.7 shows the

used initial products. Ac was bought from Sigma-Aldrich chemical supplier in a large

1
Nomenclature in organic chemistry: �e numbering identi�es a speci�c molecular structures based on

the bonds of cyclic aromatic molecules forming the compound.
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quantity at the highest available scintillation grade, which has a purity of >99.0 %. DBT is

more di�cult to buy. Most research groups cite an acquisition of DBT from PAH Greifen-
berg research, a one person enterprise in Germany which unfortunately cannot provide any

further supplies. Our laboratory also possessed a small amount of this supplier, and since

only very small amounts are needed to prepare more than enough spin casted samples, new

supplies are typically not needed. Finding new suppliers proved di�cult and is essentially

a method of trial and error. DBT ships as a powder in amounts of µg or mg, depending

on the purity of the product. �e powder can have colors from brown for lower quality

DBT material to green for the highest purity products. Preferably, only the highest purity

is used for the preparation of the samples, since impurities in the samples could lead to

undesired absorption as well as auto-�uorescence of anthracene crystals. However, work-

ing with di�erent grades of products did not make a measurable di�erence in the prepared

samples so far.

Figure 6.7. Base solutions of (from left to right) anthracene in dimethyl ether, anthracene solidpowder, dark green (high density) DBT in toluene, diluted DBT in Ac:dimethyl ether.

Spin Coating

Spin coating is a centrifugal spin casting procedure to create thin �lms onto �at substrates.

Spin coating of glass cover slips with a droplet of anthracene solution is a very fast, repro-

ducible, and reliable method to fabricate large crystals of anthracene. A saturated solution

is prepared by solving 2.5 mg Ac in 100 mL of dimethyl ether. Small crystal �akes precip-

itate in such a solution a�er stored for a longer period. Solid DBT is dissolved in toluene

with an unknown concentration, since the smallest transferable grains of DBT weighted

less than the sensitivity of the used scale. A quantity of <0.1 µg gave the toluene solution

a dark green color, as seen in Fig. 6.7. �e base solution was diluted in several iterations

by about 9 to 12 orders of magnitude, to an estimated DBT concentration of femto-molar

per mL.

A microscope cover slip is cleaned in two steps of a 20 min-ultra-sonication bath. First, a

diluted Hellmanex alkaline liquid concentrate solution is used to remove organic residues

from the glass. In a second step, water is used to dissolve the cleaning detergent.
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A 50 µL droplet of saturated solution of DBT in Ac:dimethyl ether is applied onto a

cleaned microscope cover slip revolving at a speed of 1000 rounds/min to 3000 rounds/min

for 30 s. �e centrigual forces drag the solution over the covers slip. While the solvent

evaporates, thin Ac crystals form on the �at cover glass surface. A microscope image of

such anthracene crystals is shown in Fig. 6.8 at a 50x magni�cation.

Figure 6.8. Thin spin casted Ac crystals. The thickness of such crystals ≈100 nm and dyemolecule concentrations for single molecule spectroscopy can be conveniently ad-justed by changing the concentration of the solution.

�e advantage of spin coated anthracene is the precise DBT dopant concentration con-

trolled by diluting base mixture. Su�ciently diluted samples reduce the DBT molecule

concentration per focus spot volume of the excitation laser source from ≈10 × 10
5

to 1,

enabling single molecule spectroscopy at room temperature. Spin casted anthracene pro-

duces thin and �at crystals encapsulating DBT within. �icknesses as low as 100 nm have

been reported [106] and can consistently be made with perfect single molecule densities.

Sublimation

Sublimation growth of organic compounds is a crystal growth method which is based on

the phase transition from gas phase to solid phase [248]. In a furnace, organic compounds

are evaporated together creating a vapor of molecules. Molecules in the gas phase subli-

mate to form crystal seeds. Pressure and temperature conditions determine the condensa-

tion of the vapor. Crystal growth begins with the nucleation of a few molecules forming

seeds for larger crystals [248]. By keeping a constant partial pressure of a guest molecule,

homogeneous doping concentrations can be achieved. In contrast to other growth meth-

ods, e.g. from a melt, perfect crystals of thin (1 µm), large area (1 cm) �akes can be grown

by sublimation under appropriate conditions. Each compound requires di�erent growth

parameters, which also determine the shape and size of grown crystals.

A sublimation chamber was built from glass ware. �e photograph of the setup is shown

in Fig. 6.9. �e main reactor is a round glass recipient with three extended access ports.
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One port connects to a vacuum pump, one to a nitrogen gas line, and the top port allows

access to the growth target, see. 6.9.

Figure 6.9. Growth chamber made from glass. Three ports are connected to the vacuum pump,the nitrogen gas line, and the sample carrier.

�e target substrate is suspended in the center of the chamber under a small angle. At the

bo�om of the recipient is a mixture of anthracene and DBT in it solid form. Anthracene,

in its powdered form (see 6.7 middle le�), has a white clear appearance, but upon melt-

ing and re-crystalizing its impurities become visible in form of a light green coloration,

as shown in Fig. 6.10 (right ampoule). Anthracene impurities typically include a�ached

hydro-oxygen groups, dimers of anthracene molecules, tetracene [249], bianthryl [250],

and other antracene derivatives [250]. In order to remove the impurities, anthracene was

zone-re�ned. About 5 mg of anthracene were zone-re�ned in a home-built zone-re�ner

setup, assisted by Dr. Björn Kobin from the research group of Prof. Hecht at the

Humboldt-Universität zu Berlin.

Zone-re�ning makes use of the varying crystallization properties between two materi-

als. It was invented and �rst applied to purify the semiconductor germanium by William

G. Pfann at the Bell labs in 1951 [251] and later used to separate a pure material from

impurities within the mixture. An ingot �lled with a mixture of crystalline materials is

pulled up and down through a temperature gradient, which melts a fraction of the mixture.

During the re-crystallization of the materials, impurities concentrate above or below the

main compound depending on their cyrstallization properties. During each passage of the

melt zone, the impurties gather on one end of the ingot. A single zone-re�ner typically

takes 2000 to 6000 iterations for optimal separation. �e used zone-re�ner could use 10

zones at once, which reduces the time. A zone-re�ned ampoule is shown in Fig. 6.10 next
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to an as-bought melt of anthracene. For the sublimation of molecular crystals only the

lower end of the puri�ed Ac was used.

Figure 6.10 Right ampoule: molten an-thracene at 99 % purity as-bought fromSigma-Aldrich. Left ampoule: Zone-refined for 24 h in a 10-zone custombuilt zone refiner stage. Common impu-rities are tetracene and bianthryl [250].
Zone-re�ned anthracene and a small amount of solid DBT are heated at the bo�om of

the growth chamber by a heat gun located underneath the recipient heats the mixture. �e

heat is adjustable in 10
◦
C steps from 70

◦
C to 480

◦
C. �e temperature reading was double

checked by placing a temperature sensor underneath the growth chamber. �e exact tem-

perature of the mixture could not be further speci�ed and is assumed to be close to the heat

gun reading. �e adjustable fan speed is kept at low speeds to focus the heat right in front

of the heat gun. �e target glass substrate is suspended from the top facing downwards

under an angle. �e crucial parameters determining the crystal growth and quality are: the

temperature gradient to the substrate, the saturation of the molecule vapor, the pressure of

the bu�er gas (growth atmosphere), and the growth time. Optimal values were found em-

pirically by preparing series of samples with a broad range of parameters and comparison

under a microscope. Temperatures from 100
◦
C to 450

◦
C, nitrogen atmosphere pressures

from 0 mbar to 1000 mbar, and growth times from seconds to hours were a�empted. A

selection is shown in Fig. 6.11.

�e temperature of the heat gun has the largest in�uence on the fabrication of usable

samples, in that it controls the evaporation speed of the mixture. Crystal growth on the

target sample occurred at any temperature. Anthracene �akes formed in the nitrogen at-

mosphere of the reactor and on the sample. �is process happens faster for higher tem-

peratures, as the evaporation of anthracene is higher and the vapor saturates quicker. Low

temperatures between 70
◦
C to 200

◦
C resulted in growth times of 10 min to 40 min, while

high temperatures resulted in growth times under 1 min. Densities as shown in Fig. 6.11

were a�empted to obtain. At such densities, single crystals are spread across the substrate.

Higher densities typically resulted in bunched and upright standing crystals, which is un-

favourable for optical experiments.

Since the evaporation of DBT is di�erent from Ac, the temperature se�ing a�ects the

dopant concentration of the sublimated crystals. At temperatures below 350
◦
C the crystals

did not show �uorescence of DBT molecules. Only at temperatures above 380
◦
C, �uores-
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cence was measurable in the fabricated samples. �is was a surprising result, since most

literature proposes a temperature below the melting point of the sublimation agent [117,

248]. �e melting point of anthracene is 215.76
◦
C [252]. However, at such low tempera-

tures a noteworthy Ac crystal density was only achieved a�er one hour of heating, without

DBT �uorescence. �erefore much higher temperatures were applied. Anthracene started

melting at the bo�om of the chamber and resided as a liquid at the bo�om of the reactor

during a growth procedure. �e solid DBT base material in the mixture dissolved into the

anthracene melt. �e best temperature se�ing on the heat gun was found to be 425
◦
C. �e

high temperature se�ing suggests two propositions: one being, that the necessary evapo-

ration rate for a substantial partial pressure of DBT in the molecule vapor is only reached

at those high temperatures, the second being, that only at fast growing speeds DBT is in-

cluded into the crystal structure [248]. �e addition of more DBT material did not result

in more DBT �uorescence in the crystals, but it was only a�empted with small available

quantities and anthracene was always the largest fraction of the sublimation mixture.

�e pressure was found to be best kept at around 150 mbar to 250 mbar in order to pro-

duce crystals of good quality as for example shown in Fig. 6.11 c) and d). At lower and

higher pressures it was found more o�en that crystals bunched together or grew along

(a) Sample 1: 250 mbar at 300 ◦C (b) Sample 2: 800 mbar at 300 ◦C

(c) Sample 3: 450 mbar at 270 ◦C (d) Sample 4: 250 mbar at 400 ◦C
Figure 6.11. Different samples of sublimated anthracene crystals. The growth by sublimationis controlled by the temperature and the pressure of nitrogen gas in the chamber.Lower pressure typically produced larger crystals, while the temperature affectsmainly the growth time and evaporation of host and guest molecule.
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several directions forming di�use shapes, which are assumed to have low quality, e.g. Fig.

6.11 b). Although this was not measurable in the �uorescene of DBT molecules. Similar

pressure se�ings are found in the literature [175, 248]. Notably, in the used evaporation

chamber, the pressure also plays a role in regulating the temperature gradient within the

reactor which in�uences the target substrate.

Other groups have built growth chambers with two independently controllable heating

regions for a be�er control of the evaporation conditions of the two materials and active

cooling of the target substrate [108, 175, 253]. In future measurements it may be suitable to

adapt the suggested growth chambers, since very thin crystals have been reported, which

are bene�tial for coupling experiments [175].

6.2.2. Sample Thickness

�e thickness of the anthracene cyrstals grown by co-sublimation was measured using an

atomic force microscope (AFM) (JPK Biowizard 1). �e thicknesses of crystal �akes range

from 300 nm to 1000 nm. �e thickness of most crystals is very similar, with only few

exceptions. �e thickness of these exceptions, e.g. pro�le 1 in 6.12 b), is a multiple of the

average thickness, so that those cystals might be two or more crystals stacked on top of

each other (Fig. 6.12 a) ).
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Figure 6.12. a) AFM images of Ac:DBT samples with marked locations of profiles 1, 2 and 3.b) Profiles of three different crystals on the same sample. The average height ofour samples is 350 nm. Flakes can also stick together and form larger and thickercrystals. Notably, the Anthracene crystals are very flat on their tops, suggesting astronger lateral growth.

�e dimensions of the sample crystals show the directionality of anthracene’s growth.

�e lateral dimensions are much larger than the thickness and the sides are microscopically

�at. �e AFM images have very �at pro�le for all probed samples. �e pro�les in Fig. 6.12

are good examples of the surface �atness, i.e. a sharp rise on the edge is followed by a �at

surface.

As discussed in chapter 3, ideal coupling of an emi�er in an anthracene crystal is reached

for anthracene crystal thicknesses of about 125 nm [175]. �e sublimated crystals fabricated
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in this thesis are about three times as thick and possible reduction methods of such crystals

were a�empted and shown in the following section.

Anthracene Evaporation

Anthracene crystals evaporate at room temperature with a constant rate of 5 nm h
−1

under

ambient conditions. Crystal �akes on the sample substrates eventually disappear into the

surrounding atmosphere, when stored for longer periods. By monitoring an anthracene

crystal over time, a predominantly lateral evaporation of anthracene crystals was observed.

While the crystal thickness remains unchanged a�er a week of storage and even under

applied temperatures of 60
◦
C, the crystal �akes shrunk quickly in the lateral direction.

Consequtive AFM images of the same crystal illustrate the evaporation of large chunks

around the crystal. �is change over time is shown in Fig. 6.13.
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Figure 6.13. The surface area of a large anthracene flake was measured consecutively afterstored for a week at ambient laboratory conditions (dark line: measurement oneweek prior). The AFM measurements show the evaporation of Ac. The flake shrunkduring this time, but anthracene only evaporated from the sides. The thickness ofthe crystal flake is unaltered.

�e pro�les of the same crystal show this fact in much be�er detail and are shown in Fig.

6.14. From these measurements an evaporation velocity of about 5 µm to 10 µm per week

at room-temperature can be deducted.



6.2. DBT IN ANTHRACENE 113

0 10 20 30 40 50 60 70 80
Lateral ( m)

0.0

0.5

1.0

1.5

2.0

2.5

3.0
H

ei
gh

t (
m

)

After 1 weekBefore

Figure 6.14. The AFM height profile of the same crystal flake measured with a week in between(same measurement from Fig. 6.13). The profiles show a lateral evaporation velocityof about 5µm to 10µm and no visible evaporation on the flat sides.

�ese measurements show that it is not possible to reduce the thickness of anthracene

crystals a�er growth. �e lateral reduction of the size of the �akes is much faster. Cou-

pling experiments with such crystal dimensions will result in a lower coupling e�ciency.

Di�erent fabrication techniques might have to be developed in order to achieve the best

results. Nano-crystals from the liquid phase [136] or spin coated samples might give be�er

crystal shapes [106].

6.2.3. Anthracene Raman Spectrum

�icker sample sizes produce a large interaction area for a laser beam passing the crys-

tal. �e laser light interacts with the crystal la�ice vibrations (phonons), which results

in Raman sca�ering of the light beam and the la�ice vibrations of the crystal. �e scat-

tered electric �eld contains components of the la�ice vibrations. �e interaction produces

two side bands with ωexc ± ωph from the light �eld with frequency of the laser ωexc and

the frequency of the phonons ωph. Anthracene has several vibrational resonances in its

crystalline la�ice. Depending on the crystal shape and dimension di�erent modes have a

higher occupancy and therefore show a larger addition to the Raman spectrum. Raman

spectra have been extensively studied in [254], which are in agreement with the measured

peaks, see Fig. 6.15.
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Figure 6.15. The distinct Raman spectrum of anthracene is overlaid the fluorescence spectrumof the crystal. The strongest modes appear clearly and the distance to the excitationlaser at 767 nm in the wavenumber unit cm−1 allows to identify the exact modes bycomparing with previous studies by Abasbegović et al. [254]

�e appearance of the Raman spectrum is an indicator for good quality of the crystal

and the thickness since the sca�ering intensity scales with the traveling distance within

the material.

6.3. Room-Temperature Spectroscopy

In this section, �uorescence measurements on single DBT molecules are introduced. �e

�uorescence of DBT molecules in the fabricated anthracene crystals was measured and

fully characterized in a home-built confocal microscope, see Fig. 6.5. A �uorescence scan

of an area of a sample shows the DBT density distribution within anthracene. For room-

temperature studies, crystals with a very low density are required, in order to resolve the

�uorescence from a single DBT molecule within the di�raction-limited excitation laser

focus spot. Such densities are only consistently possible in spin coated samples, which

are the choice for room-temperature measurements. For cryogenic measurements, higher

doped crystals were fabricated in order to �nd many emi�ers within the focal spot of the

microscope.

�e electronic level structure of DBT in Ac is shown in Fig. 6.16. �e singlet states are

denoted S
i,ν

, with i marking the electronic excitation (i = 0: ground state) and ν mark-

ing the vibrational excitation of the electronic state. �e zero-phonon singlet transition

S
1,0 → S

0,0
has a wavelength of 785 nm with a quantum e�ciency near one. �e excited

singlet state S
1,0

decays into the higher vibrational modes ν > 0 at a branching ratio of

about 40 %. �e inter-system crossing (ISC) transition rates to the triplet state of DBT in

Ac are some of the lowest observed in a molecular system. As discussed in [255], this is

due to the fact, that the triplet level T of DBT lies energetically above the triplet energy of

Ac. In this combination the intermolecular inter-system crossing decay channel is inter-

rupted yielding probabilities below 10
−7

. �erefore no blinking of DBT �uorescence was

observable in this system. Such a low ISC rate also reduces the chance of bleaching, which
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was found to be an oxidation cycle initiated by a ISC of DBT. �e cycle results in a irre-

versible chemical reaction with an oxygen group shi�ing the molecule absorption, leading

to bleaching of the �uorescence [107].
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Figure 6.16. DBT has a three-level electronic structure. 767 nm light excites into a vibrationalmode in the upper S
1 state, from where the molecule rapidly decays into the vibra-tional ground state. The excited state decays after a lifetime of 2 ns to 4 ns at azero-phonon wavelength of 785 nm or branches into one of the many vibrationalmodes of the ground state. The triplet levelT 1 has a rather long lifetime of the orderof milliseconds, but the ISC is strongly suppressed in Ac.

�e vibrational spectrum of DBT in Ac can be measured by infra-red spectroscopy and

shows several dominant characteristic modes. From such measurements the vibrational

states of DBT are well known, with the strongest modes having a wave number of 292 cm
−1

.

�e Stokes’s shi�ed electronic transition in DBT is therefore at 767 nm, which is used to

e�ciently pump the excited state o�-resonantly.
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Figure 6.17. (a) Coarse confocal scan of a spin-coated anthracene crystal doped sparsely withDBT molecules. Bright fluorescence spots correspond to individual DBT molecules.(b) A fine small high-resolution scan of a single DBT molecule in anthracene. Thefluorescence image shows the point-spread function of an scan image of an emit-ter. This image was taking with a 0.9 NA objective at a pump power of 500µW of767 nm wavelength.
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As described in section 5.3.1, a sample is confocally scanned by a laser at a wavelength of

767 nm. �e �uorescence signal from the sample passes a 780 nm long-pass �lter (SEMrock
RazorEdge) before being detected by two APD detectors. �e optical long-pass �lter used

to block the excitation wavelength (767 nm) transmits at wavelengths longer than 780 nm

and cuts some of the shorter wavelengths of the spectrum. A recorded scan of a spin casted

sample with a low DBT density is shown in Fig. 6.17 a). A smaller scan area reveals the

image of a single DBT molecule, see Fig. 6.17 b). �e deviation of the point-spread function

from a circular is caused by a mismatch between the x and y coordinate step sizes of the

scanning mirror employed in the confocal setup. Several measurements are conducted

to indentify single DBT molecules. Figure 6.18 shows a characterization of a single DBT

molecule.
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Figure 6.18. Room-temperature single DBT molecule characterization: The fluorescence spec-trum (a) excited at 767 nm is 100 nm broad while the available 780 nm long-passfilter cuts into the peak of the spectrum. The correlation function (b) shows a verylow д(2)(0) < 0.2 value and is a clear sign of single photon emission. The intensityfrom the emitter saturates (c) as expected from a single quantum system and thepolarization (d) follows the shape of a dipole oriented in the plane of the substrate.

A correlation measurement, Fig. 6.18b, typically shows a correlation д(2)(0)-value of 0.05

to 0.3, verifying the single emi�er character of the �uorescence. �e �uorescence counts

of a single emi�er are then analyzed with the spectrometer. As shown in Fig. 6.18a, at

room-temperature the spectrum ranges from 780 nm to 900 nm.

DBT molecules align along the b axis of anthracene crystals. �e dipole moment µ is

also aligned along the same axis. Since the crystals are positioned �at on the substrate, the
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polarization of the excitation light can be aligned with the dipole moment, or orthogonally

aligned, where the dipole moment is not excited. Figure 6.18d shows a measurement of the

�uorescence counts of a single DBT molecule under rotation of the linear polarization of the

excitation light. Within 90° the �uorescence changes from maximum counts to almost the

background �uorescence. Perfect extinction was not reached, which is due to the imperfect

polarization of the excitation light.

�e lifetime of DBT �uorescence was measured by exciting a single molecule with a

pulsed laser source at 767 nm. A broadband white light source (NKT SuperK Supercontin-

uum laser) was used and �ltered using a laser line �lter at 770 nm to select the excitation

wavelength. Several emi�ers were measured on a sublimated sample and the results are

shown in Fig. 6.19. �e average lifetime of these measurements was (3.1 ± 0.7) ns. Litera-

ture values vary from 3.7 ns [106], 4.2 ns [108], and (4.7 ± 0.3) ns [256].
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Figure 6.19. A highly doped Ac crystal was illuminated with a picosecond-pulse at 767 nm. Thecolored curves show the fluorescence decay signal of four ensembles of DBT. Theaverage lifetime was measured to be (3.0 ± 0.7) ns.

As derived in section 2.4.4 Eq. (2.48), the probability of the occupation of the excited state

saturates with increasing intensity. At room temperature the saturation intensity is very

high, due to the broadened spectrum (≈ 10 THz). Saturation intensities of 800 kW cm
−2

to

1000 kW cm
−2

were measured. At a spotsize radius of about 500 nm of the microscope, the

saturation power is 10 mW. �is large intensity is the reason for high background counts

at room temperature and the reason for the need of high purity crystal samples, since any

nearby impurity is excited by the excitation light. �e background increases linearly with

the intensity and is beyond the saturation intensity the main contributor to the �uorescence

signal. �e background increases linearly and is subtracted from the saturation (Eq. (2.48)):

Rexp(I ) = a
S

S + 1

+ bI (6.1)

where S = I/Is is the saturation parameter and a a factor to account for the detection

e�ciency. Eq. (6.1) was used as a ��ing function to the data shown in Fig. 6.18c, where the

saturation intensity is Is = 855 kW cm
−2

.
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6.3.1. DBT Dopant Concentration

Sparsely doped crystals show as many as 10 to 30 �uorescing spots with count rates be-

tween 10 to 150 kcts/s per 100 µm
2
. �e background �uorescence from the anthracene

crystals is very low and around 1 to 5 kcts/s. Each spot corresponds to an individual DBT

molecule, which the second order correlation measurements at each location indicates. Fig-

ure 6.20 shows this for four di�erent locations within a single anthracene crystal.
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Figure 6.20. Sublimated Ac crystal with a sparse density of DBT molecules. a) Microscope imageb) Confocal scan with four marked emitters with (c) normalized correlation measure-ments. Measurements were fitted by theд(2)(τ ) function for a two-level system, seeEq. (2.21). The time resolution of the д(2) measurement is ≈1.06 ns and hardly af-fects the д(2)(0) value. Due to low background fluorescence the anti-bunching dipsalmost reach zero such that no corrections have to be applied to the pure two-levelsystem.

Sublimated crystals have a higher density as mentioned above due to the uncontrolable

evaporation of DBT in the employed reactor. Incidentally, samples were produced, that

showed sparse DBT concentrations, see Fig. 6.21.
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Figure 6.21. a) Microscope image of large sublimated crystals of Ac. b) Confocal scan of the samearea reveal a low concentration of DBT molecules within the crystal. Each spot hereis a single molecule.

Higher doped samples are required because the spectral width of a single molecule is

between 40 MHz to 100 MHz at 4 K and the range of the inhomogeneous broadening, i.e.

local shi�s of each molecule, is tens of GHz. Finding a single molecule in this range is very

tedious and demands stable scanning abilities of the narrow laser. �erefore the molecule

concentration was intentionally sought to be high, so that there are tens to hundereds of

molecules within the volume of one focal spot of the microscope. Such samples are shown

in Fig. 6.22 and 6.23, where the brightest spots within the crystal can show 1 × 10
6

counts

per second.
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Figure 6.22. Anthracene crystal under a white light image (a) with a high concentration of DBTmolecules and its fluorescence image (b) from the confocal microscope. Very densefluorescence centers are ideal for cryogenic temperature measurements.

�e guest molecule concentration is in sublimated samples is a result of the host crystal

growth. Speci�cally, a longer growth time results in crystals with less imperfections and

less incooperated impurities [117, 248]. Guest molecules are pushed out during the growth

towards the outside [95], a similar e�ect exploited in zone-re�ning Ac. �is e�ect can lead
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to a high guest molecule concentration at the corners of a crystal or a growth edge within

the crystal. Figure 6.23 shows such a sample. In this case, the crystal is particularly large

and more than 100 nm in diameter, which is another result of a slow crystal growth.
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Figure 6.23. Anthracene crystal with a longer growth time under a white light image (a) and itsfluorescence image (b) from the confocal microscope. The crystal shows individualDBT molecules and high density areas near the center and the corners of the crystal.A slow growth rate of anthracene crystals pushes the DBT molecules towards thesides of the crystal, a known effect of high purity samples.

As will be discussed in the following section, the spectral properties of guest molecules

near the surface of a crystal can be inferiour due to the disturbing in�uence of surface

related e�ects. Spectral di�usion of the �uorescence is more o�en observed in such areas

[257].

6.4. Cryogenic Temperature Measurements

�is section contains cryogenic temperature measurements from 1.2 K to 12 K of samples

of anthracene crystals with high densities of DBT molecules. Resonance �uorescence mea-

surements on single DBT molecules is performed, where the linewidth broadening of the

ZPL gives insight into the dephasing of the electronic states. �e electronic transition is

then driven and probed by the same resonant laser beam. Second-order correlation mea-

surements con�rm the theory introduced in section 2.4.6.

6.4.1. Cryogenic Temperature DBT Spectrum

At 4 K, the spectrum at a bright �uorescence spot within an anthracene crystal contains a

main narrow line at 785 nm. Despite it being the inhomogeneous linewidth of an ensemble

of DBT molecules, it is barely resolvable by the spectrometer grating as shown in Fig. 6.24.

�e line between 784.8 nm to 785.2 nm contains a large part of the total �uorescence counts

on the detectors.
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Figure 6.24. Fluorescence spectrum of DBT in anthracene at 4 K excited by 767 nm laser lightfiltered by a 780 nm long-pass shows sharp a ZPL at 785 nm (dark line) and thevibronic spectrum with the main vibrational mode at 803 nm (green line, rescaledfor visibility).

At longer wavelengths the vibrational modes of DBT can be seen as sharp lines in the

spectrum. �e spectrum of the vibrational modes is a unique �ngerprint for each molecule

in its speci�c la�ice site. �e environment shapes the oszillator strengths of each vibra-

tional mode. For DBT in anthracene the strongest vibrational mode has a wavenumber of

≈290 cm
−1

, which has been reported in the literature [258].

Higher electronic transitions are not present in the spectrum. All transitions origin from

the excited vibrational ground state (ν = 0). �e occupation probability of the higher

vibrational modes is close to zero at low temperatures.

6.4.2. Resonant Excitation

In order to excite the DBT electronic transition resonantly, a laser has to be detuned to the

transition frequency of the ZPL in the spectrum, see Fig. 6.16. Since the spectrometer re-

solves the ZPL at (785.0 ± 0.3) nm, corresponding to a frequency range of 190 GHz, and the

laser linewidth is 500 kHz, the detuning can only be matched roughly. �e laser is therefore

tuned to the center of the ZPL as best as possible and then set to its largest scan range of

30 GHz at a low scan speed of 25 s to 60 s. A 790 nm long-pass �lter blocks the excitation

light and transmits only the Stokes shi�ed �uorescence. �e �lter extinguishes also the

photons from the ZPL, which are discarted in this measurement scheme. Only photons

that have interacted with a vibrational mode can be detected by the APDs in this measure-

ment scheme. �e main part of the DBT spectrum, about 60 %, is lost in this process due to

the branching ratio of DBT. Other schemes are conceivable, e.g. a polarization extinction

scheme, where the polarized excitation light is suppressed by two orthorgonally oriented

polarizers and a quarter waveplate in front of the microscope lens to compensate for po-

larization changes of the sample surface. However, this scheme relies on a homogeneous

re�ection of the excitation laser beam from the sample surface to achieve the necessary
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exctinction ratios of >10 × 10
7
. �e unspeci�c shape of the anthracene crystal hinders a

polarization scheme as well as the birefringency of anthracene.

During the laser frequency scan, APD counts and the transmission signal of the reference

cavity of the Ti:Sapphire laser are recorded in parallel at a sampling frequency of 20 Hz.

Within a 50 ms period, the APD counts are integrated. �e scan resolution is therefore

≈25 MHz (
30 GHz

60 s · 20 Hz
) for a broad scan.

If the frequency scan lies within the inhomogeneous linewidth of the sample, bright

narrow Lorentzian resonance lines within the APD count signal mark single molecule

resonance lines. A typical locked laser frequency scan is shown in 6.25. �e intensity of

the laser was reduced to below 1 µW, which reduces the background �uorescence from the

sample below the dark count rates of the APDs.
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Figure 6.25. A 30 GHz scan at 785.15 nm in the center of the inhomogeneous broadened fluo-rescence spectrum. The APD signal (dark line) show many resonant lines of singleDBT molecules in the focal spot of the excitation laser. Lorentzian fits (green line)provide the linewidths for each line and Γ the average linewidth of this scan.

�e baseline of a scan are the dark counts of the APDs and �uorescence peaks with

count rates of up to 60 kcounts/s mark the detunings, where the laser excites a ZPL reso-

nantly. High density samples show up to 50 molecules within a scanning region of 30 GHz.

Spectral overlapping can be observed on the highest density samples at the center of the in-

homogeneous spectrum. Lorentzian �ts to the molecule resonances result in an average

linewidth of (76.0 ± 14.8) MHz at 4.2 K. �e intensity distribution is given by the di�erent

location of each molecule within the three-dimensional volume of the laser focus, where

some molecules are excited at a lower intensity and the collection of the �uorescence is

misaligned.

A �ner scan of a single isolated molecule resonance together with the reference cavity

signal is shown in Fig. 6.26. �e scan range of the laser was reduced for this measurement

to 5 GHz, while keeping the scan speed and APD integration time locked, therefore the

spectral resolution of a �ner scan can be as high as 3 MHz. �e background intensity is
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Figure 6.26. Single DBT resonance fluorescence at 4 K with a linewidth of 87 MHz. The greenline is a Lorentzian fit to the spectral line. The grey line is the signal of the referencecavity with a FSR of 1.02 GHz used to scale the scan.

usually within 600 to 1000 counts per second. �e resonant emission line has a textbook

Lorentzian line shape and from a �t a linewidth ∆ν = (87 ± 5)MHz can be extracted.

Emission Stability

Long range resonance �uorescence scans were taken over the course of 30 min show the

stability of the molecule emission. A 30 GHz long range scan is repeatedly taken at the

same center frequency and the intensity pro�le stacked up to form a plot over time. �e

dynamics of several resonant molecule ZPLs are shown in Fig. 6.27.

Most of the DBT resonance emission lines are spectrally �xed to their location indicated

by continuously drawn lines. Discontinuous lines indicate spectral di�usion or spectral

jumps of the ZPL. �is may be caused by a change in the local electronic environment,

such as trapped charges in the crystal, structural defects, or surface e�ects in the vicinity

of a molecule. Generally during all molecule measurements of this thesis, some molecules

showed strong spectral di�usion, and were subsequently sorted out and disregarded. It has

been shown in various studies on various hosts, that spectral di�usion and homogeneous

linewidths increase for emi�ers at the surface. Molecules in a hexadecane matrix show

homogeneous broadening for distances <100 nm from surface [259]. And molecules in

Polymers show strong spectral di�usion and broad ZPLs from 0.6 nm to 14 nm and no

observable ZPLs below 0.5 nm [257].

Spectral di�usion of the ZPL of a molecule can also arise from intrinsic e�ects of the

host. Reilly and Skinner have shown, the local excitations of states in the host molecule

couple to the guest molecule transition and induce spectral di�usion [260, 261].

Not only surface e�ects in�uence the spectral location of a single molecule, also dynam-

ics of defects in the host crystal are able to change the absorption frequency of a molecule.
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Figure 6.27. Long range resonance fluorescence spectra were recorded over a period of 30 minand combined to a fluorescence map over time plot. The smallest jitter is addressedto a inconsistent scan start and scan duration. The map reveals non the less bleach-ing and spectral diffusion of some DBT molecule resonance lines.

A theory based a tunneling two-level system model was developed by Reilly and Skinner

[262], where molecules couple to surrounding two-level systems (TLS) inside the host ma-

trix. Such TLS tunnel between their internal states assisted by the la�ice vibrations of the

host, which induces local changes in the nanoscopic environment of the molecule. It was

shown that each switching of a TLS creates a strain �eld which interacts with the molecule.

Together with a stochastic model for sudden jumps of many TLS [263], one can derive a

model for spectral di�usion of a molecule in a host matrix.

Abruptly ending lines in Fig. 6.23 indicate photobleaching of individual molecules. While

blinking is also observable, the origin cannot be addressed to the typical triplet level ISC

transition, as the triplet level is barely populated and blinking was not measured. �antum-

chemical calculations have indicated that the creation of an reactive singlet oxygen state

via the triplet state causes photobleaching of molecules [104]. While oxygen was fully re-

moved in the sample fabrication, it can di�use into the crystal over time and contribute to

photobleaching, by reacting with DBT.

6.4.3. Broadening Mechanisms

�e measured linewidth of a DBT resonance absorption depends on the excited state decay

rate Γ1 and the dephasing rate Γ2, as was introduced in Eq. (2.2). Additionally, saturation

of the transition leads to power broadening of the observed linewidth. In the following,

the broadening of a single molecule transition will be analyzed. �ese measurements are a

direct result of the applied light �eld and the nanoscopic environment in the host crystal.
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Power Broadening

�e excitation intensity of the resonant laser beam saturates the DBT singlet transition.

�e �uorescence counts follow the saturation equation (2.48) R(I ) = R(∞) I/Is
1+I/Is

, while the

linewidth broadens as derived in section 2.4.4, Eq. (2.51a):

∆ν (I ) = ∆ν (0)
√

1 + I/Is , (6.2)

where ∆ν (I ) is the intensity-dependent FWHM linewidth of the Lorentzian absorption

line and ∆ν (0) the zero-intensity linewidth, which is determined solely by the excited state

lifetime and the dephasing. From a �t of this relation to a saturation measurement of the

resonantly scanned molecule, the saturation intensity Is and ∆ν (0) can be extracted. Such

a measurement is shown in Fig. 6.28. A single molecule was chosen from a broad scan

and then scanned �nely at di�erent excitation powers at 4.2 K. �e saturation intensity

for this molecule was extracted to be Is = 144 nW. Considering the optical parameters of

the confocal microscope setup (50 % transmission through 0.77 NA lens) the measured in-

tensity corresponds approximately to a power density of 5.9 W cm
−2

on the sample, which

coincides with some values reported in the literature of ≈1 W cm
−2

[264]. �e ��ed zero-

intensity linewidth of ∆ν (0) = 57 MHz is very narrow and as will be seen later close to the

lifetime limit.
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Figure 6.28. Power broadening measurement of a single molecule at 4.2 K. Left: Lorentzian line-shapes at increasing powers. Right: Double axes plot over a power log scale ofthe saturation counts (Is = 144 nW, dotted line) and the linewidth broadening. Thecolored circles mark the linewidths in the left plot.
From a �t of Eq. (2.48) to the intensity count rates, the saturated count rate of the

molecule is R(∞) = 69 kcounts/s. Using the relation π/T1 = R(∞)ηdetection, the overall

detection e�ciency of the setup can be determined. Assuming an excited state lifetime

of 4.2 ns and a negligible triplet state yield, the total collection e�ciency of the setup is

then ηdetection = 0.87 × 10
−4

. In comparison, the estimated detection e�ciency based on

collection optics, �lters, and detector e�ciency was estimated to be at the order of 6 × 10
−3

.

�is deviation possibly comes from the emission pa�ern of DBT in the crystal, which was
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assumed to be an isotropic doughnut shape of a dipole, while the refractive index of Ac

is likely deviating the �uorescence into the material away from the collection optics. �e

saturation counts of DBT in Ac are generally lower as compared to other systems, possibly

due to the higher refractive index of Ac, through which many photons are lost by total

internal re�ection [264].

�e saturation measurements were repeated at 1.4 K and 6 K. �e saturation intensity

increases with temperature. Recalling Eq. (2.51a), the linewidth saturation depends on the

dephasing: ∆ω = 2Γ2

√
I/Is + 1. Temperature and dephasing are inherently related. �e

results are shown in Fig. 6.29, where the linewidth squared is plo�ed over the excitation

power to depict the relation easier.
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Figure 6.29. Temperature dependence of the saturation intensity. To better illustrate the differ-ence, the linewidth squared is plotted over the excitation intensity.
Although the data is not shown in this thesis, the center frequency of the ZPL is shi�ed

by the excitation laser intensity linearly. �ese light induced frequency shi�s were mea-

sured prior in the publication [265].

Temperature broadening

In the following the temperature dependence of the dephasing of the electronic transition

is further explored. �e linewidth of the two-level system of DBT in anthracene is related to

the excited state lifetimeT1 and the pure dephasing time constantT ∗
2

(for a system without

spectral di�usion). As described in Eq. (2.2), the linewidth is related to the time constants

of the molecule transition [99]:

∆ν =
1

πT2

=
1

2πT1

+
1

πT ∗
2

. (6.3)

To map and �t this relation, a single molecule absorption line is scanned at various tem-

peratures with a weak excitation beam below the saturation intensity. Figure 6.30 shows

such a measurement from 1.5 K to 8 K, where the lineshape is plo�ed on the le� and the

extracted FWHM linewidths displayed over temperature on the right.

�e observed exponential dependence has its origin in the sca�ering process of the elec-

tronic states of DBT with localized phonons of the la�ice causing the dephasing of the tran-
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Figure 6.30. The left plot shows normalized molecule absorption lines at the temperatures indi-cated in the right plot. The right plot shows the extracted FWHM linewidths witherror bars and the fit function provided in the plot. The exponential temperaturedependence results in linewidths rapidly into the GHz-regime, where detection of asingle line becomes very difficult. The linewidth at lower temperatures is very closeto the lifetime-limited value of 43 MHz for a lifetime of T1 = 3.7 ns.

sition. �e optical dephasing in molecular guest-host systems has been extensively studied

and previously described for various di�erent systems [266–268]. �e phonon structure

varies between di�erent host crystals and can only in a few instances be correctly identi-

�ed, but for a temperature range up to <20 K, localized phonons are the only contribution

to the dephasing of the electronic excitation [268]. �e temperature determines the ther-

mal occupation of phonon modes and vibrational modes by the Boltzmann’s law. �e

phononic and vibronic interaction can be mapped by a temperature scan of the linewidth

of the molecule [266, 267]. �e full quantum mechanical description predicts aT 7
or a biex-

ponential temperature dependence of this e�ect, but under certain assumptions about the

phonon mode density an exponential dependence is found as well, which matches almost

all of the observed data on molecules in a crystal la�ice.

It is generally assumed and experimentally shown, that the excited state lifetime T1 is

temperature independent. �e pure dephasing timeT ∗
2

is thus the only temperature depen-

dent parameter for the linewidth

1

πT ∗
2

= Ae−(∆E/kBT ), (6.4)

where ∆E is the activation energy of the localized phonon and A a parameter for the

electron-phonon coupling strength. �e activation or liberation energy is o�en cited in

Kelvin or wavenumbers cm
−1

and called the activation temperature.

In measurement in Fig. 6.30, at temperatures above 5 K the linewidth becomes broader

and fainter than we can resolve in our setup. Figure 6.31 is a second measurement, where

the yellow line corresponds to a linewidth measurement at a higher temperature. While

the scan is normalized to the peak intensity, the noise on the measurement is clearly visible.
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�is also re�ects in the substantially larger error bar of the �t results from the scan data.

�e ��ed activation energy of Ta = 35 . . . 43K is the energy of the lowest phonon mode,

which couples to the excited state. �e value matches previously reported numbers for

measurements in the same molecule system [108, 266, 267] and corresponds to an energy

of 3.6 meV, which is about 10 times larger than for pentacene in naphtalene or p-terphenyl

[268]. A higher activation energy results in a weaker dephasing at low temperatures. DBT’s

linewidth in anthracene is almost lifetime limited at 4 K, enabling many experiments at 4 K,

which is technologically less challenging.
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Figure 6.31. The temperature broadening of a single molecule linewidth follows the Arrheniuslaw with an activation energy kBT where T0 = 38.8 K. Similar values for thismolecule-matrix system have been reported in [130].

�e dephasing a�ects the e�ective linewidth of the optical transition. It becomes also

visible in the saturation intensity at di�erent temperatures. Figure 6.32 shows the satu-

ration measurement of the same molecule at 2 K and 5 K and their respective di�erent

saturation intensity. �e saturation intensity follows the same activation law Isat(T ) =

Isat(0) +Ae
−(∆E/kBT )

.

�e spectral center of a molecule also changes with temperature. �is e�ect is due to

the expansion of the host crystal la�ice at low temperatures and an electron-band-phonon

coupling [268]. �e line shi� is very di�cult to measure and an absolute frequency ref-

erence is needed for such a measurement. Our setup is not yet equipped with this tool,

so that a it is impossible to measure in the absence of dri�s in the setup. �e laser, the

reference cavity and the molecule linewidth dri� and only relative dri� are measureable. I

a�empted to extract the dri� of the molecular line by using the cavity as the absolute ref-

erence. Figure 6.33 shows the dri� of a molecule electronic transition with temperature. A

blue-shi� at low temperatures of 150 MHz is observable. �e shi� is smaller than reported

in naphtalene systems moleule systems. �e measurement has to be taken with caution,

as mentioned an absolute frequency reference was not available. However, the stability

estimates of the laser and the reference cavity are smaller than the observed dri�.
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Figure 6.32. Saturation measurement of the same molecule at 2 K and 5 K plotted on a logarith-mic intensity axis. The broadening due to the increased dephasing of the line resultsin a higher saturation intensity.
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Figure 6.33. Attempted measurement of the shift the ZPL of DBT in Ac at low-temperatures. Anabsolute frequency reference was not available for this measurement, so that theinterpretation has to be taken cautiously.

6.5. Emission Dynamics and Coherent Control

In this section, the coherent dynamics of the electronic state populations of a single molecule

transition are demonstrated. A resonant laser can drive Rabi oscillations of an electron be-

tween its ground and excited state. By mapping and understanding the properties of this

process, it is possible to control in principle the state of the molecule by optical means.

Dephasing, spontaneous emission, and laser intensity fully characterize the system. By

recording second-order correlation functions, the excited state population is probed re-

vealing the control of the system.

Second-order correlation measurements were recorded for a zero detuning of the laser to

the center of the molecule resonance line δ = ωl −ωeg = 0. To keep the laser on resonance,



130 A MOLECULAR EMITTER

a simple locking algorithm was used to compensate any dri�s of the laser frequency. �e

molecule resonance line was repeatedly scanned and a Lorentzian function subsequently

��ed to reset the laser frequency to the zero detuning. �is method was repeated every

30 s to 60 s. By this method other precise detunings δ could in principle be set and explored,

but this was not tested during this thesis and is instead planned for future experiments.

As derived in section 2.4, the solution to the optical Bloch equations for the resonantly

driven two-level system with zero detuning is fully described by three parameters, Γ1, Γ2,

and Ω. (spontaneous emission, dephasing, and optical Rabi oscillations). �e correlation

function allows to directly probe all three parameters. In the absence of dephasing the

opticalRabi oscillations are a direct result of the population and depopulation of the excited

state due to the competition between spontaneous and stimulated emission. Figure 6.34

illustrates this behavior.
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Figure 6.34. A set ofд(2) correlation measurement of the same molecule resonantly driven at thedifferent intensities. Intensities above the saturation intensity result in driven Rabioscillations of the molecule between the excited and ground state.

In the following, all three parameters are determined in separate measurements and the

�t values are used as parameters in the solution of the Bloch equation (Eq. (2.57)) for the

measurement of the excited state population by a correlation function.

Measuring the linewidth at increasing temperatures with a weak probe beam (
I
Is
≈ 0.5)

allows us to extract the dephasing rate of the system due to interactions of the two-level

system with its environment. As seen before, the dephasing is temperature dependent due

to the population of a vibrational mode Γ2(T ) = Γ2(0) + Ae
T

0

T . �e measurements give an

activation energy E0 = kBT0 = kB ≈ 38 K of a localized phonon-coupling to the two-level

system.

From lifetime measurements, the excited state lifetimeT1 of the system can be extracted.

As a suitable pulsed laser source was not available and in any case the broad spectrum of

the pulsed beam would excite many molecules at once, a measurement of the lifetime of a

single molecule at low temperatures was not possible during this work. �e excited state

decay rate Γ1 was le� undetermined as a ��ing parameter. In the following, two example
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characterizations of two separate DBT molecules are described in detail. �e parameters

determined from these measurements are used to show the consistency between the theory

of a driven two-level system derived in section 2.4.4 and the measurement of the second-

order correlation function given in Eq. (2.57):

д(2)(τ ) = 1 −
p + q

2q
e−

1

2
(p−q)τ +

p − q

2q
e−

1

2
(p+q)τ

(6.5)

p = Γ1 + Γ2

q =
√
(Γ1 − Γ2)

2 − 4Ω2

In Fig. 6.36, the correlation measurement д(2)(τ ) from one molecule (named M5) was

recorded at temperatures 1.5 K, 4.0 K and 6.1 K and di�erent powers. A temperature mea-

surement of the linewidth resulted in a phonon activation energy ofT0 = 44.0 K and the nar-

rowest linewith Γ2(0) = 69 MHz. �is corresponds to a lifetime of T1 = 1/πΓ2(0) = 4.6 ns,

which is near the reported excited state lifetime in this system [106]. �is means the tran-

sition is not further broadened by spectral di�usion or other processes at the lowest tem-

peratures. From this the dephasing at the temperatures was deducted, where the measure-

ments were taken at Γ2(1.5 K) = 75 MHz, Γ2(4.0 K) = 122 MHz, and Γ2(6.1 K) = 1700 MHz.

From a saturation measurement the saturation intensity was extracted for each tempera-

ture Is (1.5 K) = 50 nW, Is (4.0 K) = 69 nW, and Is (6.1 K) = 660 nW. �e excited state decay

rate Γ1 was extracted as the only ��ing parameter from the intensity measurement scan

in Fig. 6.34. �e mean value of the Γ̄1 = 240 MHz ± 34 MHz, which equals an excited state

lifetime of 1/Γ1 = 4.1 ns ± 0.7 ns. �is coincides very well with the reported lifetimes of

4.2 ns [108].
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Figure 6.35. a) showsд(2)(τ )-measurements taken at different excitation intensities. By fitting Eq.
(2.57) with a fixed dephasing rate Γ2, the Rabi oscillation frequencyΩ was extractedfrom a fit. b) The colored points correspond to the measurements in a). The fittedΩis compared to the pre-determined value from the emitter characterization. Fit andparameter extraction match and show how well the system can be characterized.
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Figure 6.36. Saturation intensity Is and dephasing Γ2 are known parameters from the satura-tion and linewidth measurements. The lifetime of the emitter is not accessible inour setup and only extracted from a correlation measurement, which gave Γ1 =250 MHz. The dephasing Γ2 is 80 MHz, 122 MHz and 1700 MHz at 1.5 K, 4.0 K and6.0 K, respectively. The solution of the Bloch equation with the determined param-eters fit the measurements exactly.
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Figure 6.37. The variation of dephasing and excitation power is perfectly described by the Blochsolutions. At the lowest temperatures (T = 1.5K) a strong excitation can drive thestate population for many cycles coherently, since the dephasing processes are lit-erally frozen out. The dephasing Γ2 is 139 MHz and 193 MHz at 1.5 K and 4.0 K.
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�e results in Fig. 6.34, 6.35, and 6.36 perfectly overlap with the independently deter-

mined parameters and deviations arise mainly from background, which the ��ing function,

Eq. (2.57), does not account for. Especially at higher saturation measurements, the back-

ground coincidence counts shi� the correlation function. �e д(2)(0) value is about 0.01 to

0.08, due to the background counts, but also due to the system response function limiting

the time resolution of the measurement. Still the agreement is quite impressive and veri�es

the theory.

A second molecule, named M3, was characterized in this way. �e correlation measure-

ment results are shown in Fig. 6.37. �e temperatures used here are 1.5 K (Γ2 = 139 MHz)

and 4.0 K (Γ2 = 193 MHz). �e excited state lifetime again taken from the measurement

above Γ1 = 240 MHz and the saturation intensities measured separately at each tempera-

ture (compare to Fig. 6.29). No ��ing was applied and the agreement of measurement and

theory is quite beautiful.

6.5.1. Triplet Level Analysis

�e time scales observed during start-stop correlation measurements are limited to a few

100 ns. While the excited state dynamics are within the range of the measurements, the

triplet level of the DBT molecule shows no in�uence. �is is however misleading as the

time scale of the triplet state’s lifetime are much longer and the transition rates are very low

to begin with. TCSPC measurements were done in order to detect any resonant emission

dynamics beyond the excited state decay.

�e photon count rates of the APDs of the HBT were recorded directly by the TCSPC

count device PicoHarp, which tags each photon pulse and stores the arrival time tags

in a single large binary pt2-�le on the harddrive of the laboratory computer. A typical

measurement duration of such a time-tag mode was 30 min to 60 min. From this set of data

the correlation functionд(2)(τ ) of every photon was calculated by a computer. �e maximal

delay τ can now be orders of magnitude longer and exceed the start-stop interval limitation.

A set of measurements taken at di�erent resonant excitation intensities is shown in Fig.

6.38, where the time is plo�ed over a logarithmic axis.

Plo�ed on a logarithmic time scale the correlation histogram contains binned events in

500 ps time slots from τ = 500 ps to 100 ms. Figure 6.38 shows the correlation measurement

of a resonantly excited DBT molecule at a temperature of 4.2 K. At short time scales, the

anti-bunching and the Rabi-oscillations are clearly visible, but the correlation function

remains above ’1’. At a time-scale of about 100 µs an exponential decay is visible revealing

a bunching of the resonance photons . �ese events can be addressed to the triplet levelT 1

and we can deduct the population and decay rates by employing the solution of the Bloch

equations for a three-level system.

In order to address the e�ect of the triplet level, the optical Bloch equations for a three

level system have to be derived and solved. �e density matrix now has a 3 × 3-form rep-

resenting the populations and coherences of the three level structure.
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Figure 6.38. The normalizedд(2)(τ ) correlation function derived by TCSPC measurements allowsto inspect correlations at long time scales. For different powers, the Rabi oscillationsare visible at short time scales. There are correlated photons on the order of 100 ms,which indicate another long lived population of an electronic state. This is very likelythe triplet level, which has a lifetime of that order of magnitude.

ρ̂3LS =
©«
ρ11 ρ12 ρ13

ρ21 ρ22 ρ23

ρ31 ρ32 ρ33

ª®®¬ (6.6)

|1〉

|2〉

Γ12 Γ21

|3〉

Γ23

Γ31

�e HamiltonianHrwa in Eq. (2.41) is accordingly expressed with the decay rates observed

between the three levels. �e optical Bloch equations for a three level system are then

given by [269]

Ûρ22(t) = i
Ω

2

[ρ21(t) − ρ12(t)] − (Γ12 + Γ23)ρ22(t) (6.7a)

Ûρ11(t) = i
Ω

2

[ρ21(t) − ρ12(t)] + Γ21ρ22(t) + Γ31ρ33(t) (6.7b)

Ûρ12(t) = i
Ω

2

[ρ22(t) − ρ11(t)] − (Γ2 − i∆)ρ12(t) (6.7c)

Ûρ12(t) = Ûρ
∗
21
(t) (6.7d)

ρ11 + ρ22 + ρ33 = 1 . (6.7e)

γ21 is the decay rate of the singlet excited state S 1 → S0
to the ground state, γ23 is the

intersystem crossing rate (ISC) from the excited state S 1 → T 1
, and γ31 the decay rate of

the triplet level T 1 → S0
to the ground state. Basché et al. have derived a solution of the

dynamical equations by analytically solving Laplace transform [131, 270]. �e analytical

solution is a sum of many complex exponential functions, similar to the one provided for

the two-level system case in Eq. (2.57). For long time scales, the obtained expression for
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the second order correlation function reduces to a single exponential decay of the form

[108]

д(2)(τ ) = 1 +Ce−λτ , (6.8)

where C is called the contrast of the decay and λ the decay parameter. It can be shown

[108], that the contrast is a function of the decay rates and the saturation of the system.

C = I/Is (1 + 2

Γ31

Γ23I/Is
)−1 = (λ − Γ31)/Γ31 . (6.9)

By measuring the contrast of the triplet decay in the second order correlation function and

�t the above exponential decay, it is thus possible to determine the dynamics of the triplet

state. �e saturation intensity of Is =50 nW was measured in a separate measurement for

the emi�er in Fig. 6.38. In Fig. 6.39, the �t is performed to the measurement.
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Figure 6.39. Fit results and extracted triplet decay rates τT. The contrasts C of three resonanceTCSPC measurements taken at 0.6 Is , 4 Is , and 18 Is provide a detailed informationabout the triplet dynamics of DBT in Ac.
�e contrast C and decay parameter λ were extracted for three di�erent pump powers.

�e results are collected in Tab. 6.1.

I (nW) Contrast C decay λ Γ31 (s
−1

) Γ23 (s
−1

) τT (µs) Triplet yieldΦT

30 0.1841 14 995 12 775 17 370 78.3 8.68 × 10
−5

200 0.2001 17 889 14 976 382 66.8 1.91 × 10
−6

900 0.0762 19 835 18 477 8.4 54.1 4.20 × 10
−8

Table 6.1. Fitting results of the exponential fits in Fig. 6.39.
�e triplet rates γ31 are 1.28 × 10

4
s
−1

,1.50 × 10
6

s
−1

, and 1.85 × 10
8

s
−1

for increasing exci-

tations powers. �is corresponds to triplet lifetimes of 78 µs, 66.8 µs, and 54.1 µs, which

are a li�le bit longer as was found in the literature (40 µs) for this molecule system [108].

�e ISC rate γ23≈1.7 × 10
4

s
−1

can then immediately be calculated with the aid of Eq. (6.9).
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�e decay rate of the excited state γ21 was extracted from the anti-bunching dynamics as

was shown in section 2.4.4. �e corresponding measurements are shown in Fig. 6.40. �e

lifetime of this speci�c molecule was extracted at 3.6 ns.
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Figure 6.40. Photophysical properties of the molecule discussed in this section. The values for
Γ1 = 281MHz and Γ2 = 167MHz are used to determine the properties of the tripletlevel of the molecular system.

From this one can give an estimation of the triplet yieldΦT =
Γ23

Γ21+Γ31

≈ 8.6 × 10
−5

. �is

is very low and its value is another property that makes this molecular system favorable

over other molecule host systems, which show blinking and extended dark state times.

�e described control and analysis of the photons from a molecular emi�er forms a

sensor of the triplet level of the host molecular crystal. Several groups have used this

technique successfully to observe the triplet dynamics across di�erent crystals and guest

molecules [107, 108, 255, 271]. �ese studies revealed some rules about the in�uence of

the triplet levels of the host and the guest molecule. In particular, the relative energetic

positions of the guests singlet and the triplet state of the host a�ect the overall triplet yield

ΦT [255]. An excited guest molecule can transfer the excitation to the triplet state band

of the host T 1

h [272]. �e electronic structure of the crystalline host matrix is very similar

to the free state molecule structure [273] and only small shi�s and spli�ings of the free

electronic states are introduced resulting in closely spaced levels. �e energy levels of the

host are therefore denoted by thicker bars in the energy level diagrams to account for the

broadening [272]. Figure 6.41 shows an example electronic structure diagram for a guest

molecule in a host crystal.
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Figure 6.41. Graphic to illustrate the inter-molecular intersystem crossing (dashed lines) be-tween a guest molecule’s excited state S 1 to a host molecule’s crystal state T 1

h .

Guest molecules and impurities in such crystals interact in �rst degree only with the

crystal �eld, while resonant transfer mechanisms do rarely occur. However, under certain

conditions, the host’s electronic states o�er new decay paths to a guest molecule’s excita-

tion [272]. �rough so-called inter-molecular intersystem crossing, the guest singlet state

S 1
can decay to the host’s triplet state T 1

h [255]. From there, the reverse process can repop-

ulate the guest molecule’s triplet state T 1
. �e additional decay path entails a reduction

in the �uorescence count rates of the guest molecule. Other decays from the host triplet

state involve triplet exciton migration, localized triplet exciton quenching, and decay to the

host’s ground state, which in all cases negatively impact the guest molecule �uorescence

[274, 275]. Since in the case of DBT in Ac, the triplet yield is very low as compared to other

systems [255], it is assumed that the bene�cial location of the triplet states with respect to

each other causes this. In general, the guest’s ISC rate is enhanced, when the host’s singlet

state falls in between the guest’s molecule singlet and triplet state, which can dramatically

decrease the guest �uorescence and make single molecule spectroscopy of some systems

close to impossible [255, 272]. In case of DBT in Ac, the triplet state of Ac is located at

14 700 cm
−1

to 14 850 cm
−1

[274, 276] and the �rst excited singlet state of DBT lies at around

12 740 cm
−1

[264]. �e observed and reported triplet yield in this system is very low and

more spectroscopy investigations are required to understand the exact dynamics.

6.6. Summary and Outlook

In this chapter, extensive experimental manipulation on a single quantum system has been

shown. �e optical setup around a bath cryostat was built to achieve the control and sta-

bility to interact with a single two-level system. Again, only a few scienti�c groups have

shown this much control over single molecules, where the electronic state can be manipu-

lated through driving Rabi oscillations by a resonant laser. �eory and experiment are in

rare agreement.

�ese measurements have to be seen as a precursor to the many other experiments.

It was merely shown, that lifetime-limited photons can be generated and the quantum
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system possibly controlled by optical pulses. Several paths can be envisioned from here.

Such photons can be used in various cryptographic single photon schemes, where indistin-

guishability is required. �e pristine two-level system can be used to mediate light-ma�er

interaction e�ciently, if coupled e�ciently to a waveguide or resonator mode [277]. Both

topics are currently explored within the AG Nanooptik research group.
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�is thesis covered three aspects of an integrated quantum optical technology. �e goal

was to explore the possibilities of elements towards hybrid structures to implement sin-

gle photon sources on-chip for future quantum optical experiments or even devices. Pho-

tonic structures were investigated and optimized before employing them in coupling exper-

iments. Single photon emi�ers were characterized and evaluated for their usability in such

experiments. �ree main conclusions can be drawn from this work and will be elaborated

here.

Nanophotonics

In the �rst part of the thesis (chapter 3 and chapter 4), the coupling of dipole in the vicinity

of a dielectric waveguide was introduced. Numerical simulations of SiN waveguides en-

abled the calculation of the coupling e�ciency γwg/γ0. With this methodology any imagin-

able waveguide structure can be pre-screened and the coupling e�ciency evaluated. Dur-

ing this work, strip and slot waveguides based on SiN on SiO2 were compared. While strip

waveguides reach a theoretical coupling of 22 %, a 50 nm slot waveguide from the same

material achieves up to 100 %.

�e coupling to a far-�eld optical mode was accomplished by optimizing a grating cou-

pler. Again, the tools of numerical simulations enabled the optimziation of the structures,

which will help to evaluate and design future structures. �e fabricated coupler in this

thesis were used in combination with tightly focussed lenses, which impaired the coupling

e�ciencies to below 10 %. In �nal designs, bare �ber ends might be used, where coupling

e�ciencies of up to 92 % have been reported [181, 182]. Nontheless, the fabricated struc-

tures, which have been characterized in this work, have been used in coupling experiments

and shown competetive coupling e�ciencies.

Outlook: As the simulations have shown, slot waveguides exhibit much be�er coupling

performance and justify the exploration of further slot waveguide designs. �e overhead

that comes with a non-Gaussian optical mode is the need for adapted far �eld coupler.

However, the numerical tools derived in this thesis are well suited to this task.

�e used method also allows the implementation of plasmonic waveguide modes. Such

modes provide a highly con�ned electric �eld, which further enhances the coupling e�-

ciency and combines it with high Purcell factors, albeit introducing higher losses due to
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the dissipation of electrons in metals. �e expected coupling e�ciencies supersede current

dielectric designs and deserve a focused exploration in the future [278, 279].

Zinc Oxide Defect

�e search for novel defect centers in wide band gap materials has been fueled by the

success of the NV-center in diamond. Since then many other materials have shown defects

with usable single photon emission and manipulation [214–217]. It has been a fortune to

�nd and characterize a novel defect at the single defect level. �e cryogenic measurements

in this thesis revealed a spectrally narrow ZPL emission and highDebye-Waller factors up

to αDW = 12 %. �e studies also revealed spectral di�usion possibly due to the nanoparticle

structure of the zinc oxide sample.

Outlook: Further studies are required on this novel defect center, such as resonance ex-

citation to determine the linewidth of the transition and spectroscopy on bulk ZnO sam-

ples to compare the spectral stability and exclude surface e�ects. Micro-structures out of

zinc-oxide build the basis for a future integrated platform, where the defects are included

directly in the photonic structure from the material.

Molecule Emitters

�e results of resonance �uorescence measurements on a single DBT molecule showed

the capabilities of the cryogenic confocal microscope, which was setup in this thesis. Sam-

ple preparation, laser stability, and cryostat operation make such experiments demanding.

Lifetime-limited ZPL transitions of DBT molecules in anthracene were resolved and traced

over long periods of time. �e aparatus allowed to change the sample temperature pre-

cisely. �e dephasing of the excited state has been mapped from 1.2 K to 8 K for several

molecules. Subsequent correlation measurements matched the outlined theory precisely,

o�ering a tool to probe the nanoscopic environment of a single emi�er.

Outlook: �e experimental abilities arrived at the frontier of cryogenic single molecule

spectroscopy, where only few other research groups reside (E. Hinds, W.E. Moerner and

V. Sandoghdar). �is unique position needs to be exploited in future experiments. With

the expertise in nano-photonics, coupling of single molecule’s at low temperatures are a

promising route, as a recent publication showed [115]. Sensing with single molecules has

been a�empted during this thesis by detecting single molecules near a superconductor. In

any case, the sample preparation remains a core challenge. �e host matrix needs to be

homogeneous and pure, while being processable and thin, such that the dopant molecules

can be brought as near as possible to the surface without impairing the optical properties.

A plasmonic interaction, where the density of states in the vicinity of a metallic surface or

waveguide is enhanced, would shorten the lifetime of the excited state [280]. Few studies

are published, where molecules near metallic surfaces have been studied at cryogenic tem-

peratures [281] or even superconducting surfaces [282]. We are planning on measuring
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these e�ects near metal surfaces, to probe these near-�eld e�ects. �e research is far from

being over at this point and many new avenues were opened up by this work.





A Appendix

A.1. Grating Coupler TM Mode Scattering

�e transverse magnetic TM mode of the SiN waveguide at a wavelength of 785 nm sca�ers

very di�erently at the grating region than the transverse electric TE due to the di�erence in

e�ective refractive indexes for the two modes. Considering the design shown in Fig. 4.6a

(chapter 4), which showed an e�ective coupling of the TE mode into the upward direction,

the TM mode transverses the grating region and leaks into the substrate under a small

angle, as can be seen in Fig. A.1. �e e�ective refractive index of the TM mode is nTM

e�
=

1.6733, as compared to a refractive index of the TE mode of nTE

e�
= 1.522.
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Figure A.1. Simulation results of the TM mode interacting with a grating of period 520 nm. a) Cal-culated scattered electric field of the TM mode at a grating coupler, which has beenoptimized for the corresponding TE mode. b) Polar decomposition of the scatteredelectric field.
�e polarizational dependence of the grating coupler serves purposeful in two regards.

When illuminating the grating, the TE mode is exclusively excited. On the other end, only

the TE mode sca�ers to the observer optics. �erefore, only the TE mode is considered

in the waveguide in chapter 4. Figure A.2 shows the upward sca�ered TM mode and the

Gaussian pro�le of the collection optics. Also here, one can see the ine�cient overlap.
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Figure A.2. Profile of the scattered TM mode at the optimized grating coupler region. The scat-tering amplitude is negligibly low as compared to the TE mode as seen in Fig. 4.7.

A.2. Convergence Test

�e simulations in chapter 4 were checked for convergence of the solutions of the FEM

solver. �e convergence test of the simulation was done for one example of a grating cou-

pler design. A simulation with the highest precision se�ings of the FEM solver JCMWave

was conducted. �e pure calculation of the electric sca�ering tensor �eld took an Intel

Xeon E5-2637 v3 @ 3.5 GHz CPU (single thread) Processor an accumulated CPU time of

6100 s, which excludes the export of the �elds and derivation of the �uxes and Poynting

vectors. From this result the coupling e�ciency was derived and used as a target precision

for a succeeding convergence test, where the meshing and the solver properties were exam-

ined separately. �e Solver precision is mainly determined by the FEM order of polynomial

degree. Fig. A.3a shows the results of a series of calculations of the same grating coupler

problem geometry. For higher degrees the CPU time increases, while the overall precision

remains at the same level. �e series suggests, that the precision of the solution depends

here much more on the mesh, which was kept at the same precision for this simulation.

In a geometrical convergence test, the re�nement steps of the mesh were increased. �e

initial mesh, which was kept �xed, is incrementally re�ned by the FEM solver. Areas of

large deviation get a �ner mesh resolution for the following calculation step, see Fig.A.3b.

�e necessary CPU time increases exponentially the �ner the meshing is. �e solution con-

verges also in the geometrical case even at lower re�nement steps. All measurements were

calulated with se�ings in the middle range of the parameter scans above. �e re�nement

for the meshing is kept at 5 and the FEM degree at 4 allowing for a fast computation of the

problems without sacri�cing precision.
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Figure A.3. Convergence test of the grating coupler FEM computations. a) Number of degreesof FEM numerical approximations. b) The refinement of the mesh of the simulationlayout. The dynamic meshing focusses on the small features, where a higher calcu-lation precision is necessary. c) Overall precision of the result. A lower precisionrequirement interrupts the calculation faster.
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‘Spectroscopic detection and state preparation of a single praseodymium ion in a

crystal.’ In:Nature Communications 5 (2014), p. 3627.doi:10.1038/ncomms4627.

arXiv: 1310.8180 (cit. on p. 10).
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[163] R. N. Patel, T. Schröder, N. Wan, L. Li, S. L. Mouradian, E. H. Chen, and D. R. En-

glund. ‘E�cient photon coupling from a diamond nitrogen vacancy center by in-

tegration with silica �ber’. In: Light: Science & Applications 5.2 (Feb. 2016), e16032.

doi: 10.1038/lsa.2016.32 (cit. on p. 42).

[164] A. Politi, M. J. Cryan, J. G. Rarity, S. Yu, and J. L. O’Brien. ‘Silica-on-silicon waveg-

uide quantum circuits.’ In: Science 320.5876 (May 2008), pp. 646–9. doi:10.1126/
science.1155441 (cit. on pp. 43, 53).

[165] B. J. M. Hausmann, B. Shields, Q. �an, P. Maletinsky, M. McCutcheon, J. T. Choy,

T. M. Babinec, A. Kubanek, A. Yacoby, M. D. Lukin, and M. Lonc?ar. ‘Integrated

Diamond Networks for �antum Nanophotonics’. In: Nano Le�ers 12.3 (Mar. 2012),

pp. 1578–1582. doi: 10.1021/nl204449n (cit. on p. 43).
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and M. D. Lukin. ‘E�cient �ber-optical interface for nanophotonic devices’. In: 2.2

(2014), pp. 70–75. doi: 10.1364/OPTICA.2.000070. arXiv: 1409.7698
(cit. on p. 54).

[180] A. Mekis and J. Joannopoulos. ‘Tapered couplers for e�cient interfacing between

dielectric and photonic crystal waveguides’. In: Journal of Lightwave Technology
19.6 (June 2001), pp. 861–865. doi: 10.1109/50.927519 (cit. on p. 54).

[181] P. Cheben, J. H. Schmid, S. Wang, D.-X. Xu, M. Vachon, S. Janz, J. Lapointe, Y.

Painchaud, and M.-J. Picard. ‘Broadband polarization independent nanophotonic

coupler for silicon waveguides with ultra-high e�ciency’. In: Optics Express 23.17

(2015), p. 22553. doi: 10.1364/OE.23.022553 (cit. on pp. 54, 139).

[182] M. Papes, P. Cheben, D. Benedikovic, J. H. Schmid, J. Pond, R. Halir, A. Ortega-
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