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mir gemäß § 7 Abs. 3 der Promotionsordnung der Mathematisch-

Naturwissenscha�lichen Fakultät angegebenen Hilfsmi�el angefertigt habe. Ich habe
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Abstract

In this thesis, single atomic defects in hexagonal boron nitride (hBN) are characterized
and possible applications are shown, which take advantage of the outstanding optical prop-
erties found. Such optically active point defects in semiconductors hold the promise of
scalable and stable single-photon sources, which are needed for a variety of future appli-
cations in quantum information technology or for precision measurements. �e interest
of the scienti�c community is correspondingly high, which is also re�ected in the number
of defect systems investigated. �e special feature of the system presented here is on the
one hand the two-dimensionality of the semiconductor host crystal and on the other hand
the enormous brightness of the emi�er, which is re�ected in up to six million photons per
second detected with a microscope. In addition, the stability of the emi�er at room tem-
perature and the narrow spectral width motivate a profound analysis of this new addition
to the emi�er zoo.

�e presented work is divided into two parts. In the �rst part, the basics for the theoret-
ical description and experimental characterization of single-photon emi�ers are explained.
On this basis, the second part shows experiments that were performed during the doctoral
thesis and published in scienti�c journals. In particular, the temperature dependence of the
spectral emission line of a speci�c hBN emi�er is measured. At cryogenic temperatures,
ultrafast spectral di�usion on a time scale of a few microseconds is identi�ed as the cause
for the widening of the line to about 200 times the Fourier limit — an important parameter
for quantum emi�ers. �e photodynamics are then analyzed in more detail and a group
of emi�ers is found, which exhibits strongly non-linear �uorescence properties. A model
of the underlying photophysics is developed on which a new modality of high-resolution
microscopy is based. �e model is experimentally con�rmed with a spatial resolution of
63(4) nm. Finally, it is shown how emi�ers in nanometer-sized crystals can be integrated
into functional nanooptical structures using two-photon laser lithography. For this pur-
pose, nitrogen defect centers in nanodiamond are selectively embedded in the crossing of
two free-standing arcs.





Zusammenfassung

In dieser Arbeit werden einzelne atomare Defekte in hexagonalem Bornitrid (hBN) charak-
terisiert und mögliche Anwendungen aufgezeigt, welche die gefundenen herausragenden
optischen Eigenscha�en ausnutzen. Solche optisch aktiven Punktdefekte in Halbleitern
bergen das Versprechen von skalierbaren und stabilen Einzelphotonenquellen, welche für
eine Vielzahl von zukün�igen Anwendungen im Bereich der �anteninformationstechno-
logie oder für Präzisionsmessungen benötigt werden. Dementsprechend groß ist das Inter-
esse der Wissenscha�sgemeinde, was sich auch in der Anzahl der untersuchten Defekt-
systeme widerspiegelt. Das Besondere an dem hier vorliegenden System ist zum einen die
Zweidimensonalität des Halbleiter-Wirtskristalls und zum anderen die enorme Helligkeit
des Emi�ers, welche sich in bis zu sechs Millionen mit einem Mikroskop detektierten Pho-
tonen pro Sekunde niederschlägt. Darüber hinaus motivieren die Stabilität des Emi�ers bei
Raumtemperatur und die schmale spektrale Linienbreite eine tiefgreifende Analyse dieses
Neuzugangs zum Emi�erzoo.

Die vorliegende Arbeit ist dazu in zwei Teile gegliedert. Im ersten Teil werden die Grund-
lagen zur theoretischen Beschreibung und experimentellen Charakterisierung von Ein-
zelphotonenemi�ern erläutert. Auf dieser Basis werden im zweiten Teil Experimente auf-
gezeigt, die im Laufe der Doktorarbeit durchgeführt und in Fachzeitschri�en verö�entlicht
wurden. Im Speziellen wird die Temperaturabhängigkeit der spektralen Emissionslinie ei-
nes spezi�schen hBN-Emi�ers gemessen. Bei kryogenen Temperaturen wird ultraschnelle
spektrale Di�usion auf einer Zeitskala von wenigen Mikrosekunden als Ursache für die
Verbreiterung der Linie auf ca. das 200-fache des Fourierlimits — eine wichtige Kenngrösse
für �antenemi�er — identi�ziert. Die Photodynamik wird darau�in genauer analysiert
und eine Gruppe von Emi�ern gefunden, welche stark nichtlineare Fluoreszenzeigenschaf-
ten aufzeigt. Ein Modell der zugrundeliegenden Photophysik wird entwickelt auf dessen
Grundlage hochau�ösende Mikroskopie betrieben werden kann. Das Modell wird im Ex-
periment bestätigt, indem eine Ortsau�ösung von 63(4) nm erreicht wird. Zuletzt wird
gezeigt wie Emi�er in nanometergroßen Kristallen mit Hilfe von Zweiphotonenlaserlitho-
graphie in funktionelle nanooptische Strukturen integriert werden können. Dazu werden
Sticksto�fehlstellenzentren in Nanodiamanten gezielt in die Kreuzung zweier freistehen-
der Bögen eingebe�et.
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Introduction

Among all the inventions of the 20th century, the transistor probably has had the most
signi�cant impact on the everyday lives of human beings today. Integrated semiconductor
transistors revolutionized the development of electronics and paved the way for smaller,
more a�ordable radios and computers, making them accessible to the general public. As
more and more people started to connect their electronic devices to networks, it ultimately
triggered the development of the Internet and thus heralded the start of the age of infor-
mation we now live in. �e rapid advancements in fabrication technology that allowed
a doubling of the number of transistors on integrated circuits — an empirical regularity
dubbed Moore’s law[1] — had an exceptional social and cultural in�uence. However, the
continued down-sizing of the transistor is ge�ing increasingly complex as quantum phe-
nomena like the tunneling of charge carriers through potential walls exacerbate further
shrinkage[2, 3]. At physical gate sizes of only a few hundred atoms, a transistor cannot be
su�ciently described by purely classical physics anymore, and it is unclear if the arising
quantum e�ects will force the adoption of new physical principles or if they can simply be
tamed by be�er control of the chip structure at the atomic level[4].

On the other hand, quantum mechanics that hinders a further development of classi-
cal electronics also gives rise to a new class of computation, information processing and
communication technologies[5, 6]. For these future quantum devices, the challenges in
fabrication are somewhat reversed in the sense that instead of shrinking a classical system,
like a transistor that works on a macroscopic scale, the approach for quantum technologies
has to be the other way around: scaling up a system that works on the single quantum level.
�antum phenomena can only be actively exploited in systems that have few degrees of
freedom and interact with their environment in a very controlled way. �is usually gets
more di�cult if the system gets bigger. �us, the �rst logical quantum gate was realized
with a single ion that was isolated from the environment via an elaborate laser-trapping
and cooling scheme and optically accessed with lasers[7]. While this early quantum gate
itself had the size of a single atom, the surrounding apparatus needed to maintain and ma-
nipulate its quantum properties did �ll a whole laboratory. �e challenge now is to �nd
ways to miniaturize or avoid this infrastructure while at the same time increase the number
of interacting quantum systems.

An auspicious approach to build practical quantum optical devices is to employ atom-
like emi�ers in solid states and integrate them on a chip in hybrid structures that combine
(nano) optics and quantum mechanics[8–10]. Embedded in a condensed phase, such single-
photon sources promise to o�er the outstanding optical properties of isolated atoms with
the convenience, potential scalability and integrability of their solid host system[11]. Dif-
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ferent emi�er systems and compatible fabrication methods for on-chip photonic quantum
systems have been investigated[12–17]. While all these e�orts are remarkable on their
own, none of them has been widely adopted in a commercial application yet. It seems
like all endeavors so far have had at least one fundamental �aw that was hard to mitigate:
Devices could not be built deterministically, the quantum properties of the used emi�ers
were insu�cient for the desired application or the conditions to operate them were hard
to meet. So far, the quantum revolution has been postponed as the search for a scalable
realization of a quantum device goes on.

�e experiments reported in this thesis pursue the goal to optically characterize and clas-
sify a novel solid-state single-photon source and evaluate it with respect to its applicability
to quantum technologies. Further, possibilities to integrate such sources into scalable on-
chip photonic structures are investigated. To give an instructive view into the topic, this
thesis is divided into two main parts.

In part I, the framework to describe and work with single-photon emi�ers within the
context of experimental quantum optics will be introduced. First, in chapter 1, a short in-
troduction of the theory of the quantized light �eld is given. Special focus is placed on
the classi�cation of di�erent types of sources due to their statistical properties. �en, in
chapter 2, a description of the photodynamical processes that govern quantum emi�ers
in solid states is derived and their e�ect on spectral as well as statistical properties of the
single-photon emission pa�ern is discussed. As two current examples of single-photon
sources in solid state, the nitrogen vacancy center in diamond and point defects in hexag-
onal boron nitride will be introduced. �e �rst part ends with a detailed explanation of
typical measurements and photon detection schemes in chapter 3. Starting from a theoreti-
cal perspective, their application to a real-world experimental scenario will be shown, and
state-of-the-art evaluation methods that involve huge sets of data will be developed.

Part II goes deeper into the speci�c experiments carried out in the course of this doc-
toral thesis. �e research conducted in each individual chapter is accompanied by a �rst-
authored publication or a publication with a major contribution in a peer-reviewed journal.
�ematically, the �rst two chapters 4 and 5 both expand on the methods developed earlier
to characterize and investigate the photodynamics of single hBN emi�ers. In chapter 4,
�rst temperature-dependent measurements of the zero-phonon line of a quantum emi�er
in hexagonal boron nitride are presented. Processes that broaden the emission line are
revealed and the emi�er is evaluated in terms of its applicability to quantum information
technologies. Next, in chapter 5, a two-laser excitation scheme is used to further shed light
on the photophysical processes that manifest in a whole class of these novel emi�ers. Based
on the experimental �ndings, a rate model that adequately describes the photon statistics
is developed. In chapter 6, the newly gained insights are put to use to perform super-
resolution imaging and resolve an individual emi�er far below the di�raction limit. �e
last chapter of the second part (chapter 7) then shows how solid-state quantum emi�ers
can be integrated into functional devices on the micrometer scale via direct laser writing.
For this purpose, a nanometer-sized diamond with a single NV center acting as a quantum



CONTENTS 3

light source is successfully coupled to a laser-wri�en structure as a proof of concept to this
new and versatile approach.





Part I.

Theoretical Foundation





1. The�antum Nature of Light

�e concept of a quantized light �eld was developed in the early 20th century by Max
Planck and Albert Einstein to explain experimental observations that did not �t the classi-
cal wave model of light. While studying black body radiation, Planck noted that the spec-
tral distribution of the light emi�ed by a radiation source in thermal equilibrium needs to
obey[18]

� = =ℎa , (1.1)

where = = 1, 2, 3, . . . is an integer prefactor for the number of energy quanta ℎa with
the proportionality constant ℎ and the frequency of the electromagnetic �eld a . Today,
eq. (1.1) and the proportionality constant ℎ are both named a�er Planck in his honor. With
his theory, Planck was able to correctly interpret experiments carried out by others and to
calculate the value of ℎ as 6.55 × 10−34 J s, which is within 1.2 % of the currently accepted
value of 6.626 × 10−34 J s[19]. Planck’s model was still semi-classical in the sense that he
described light via classical Maxwell’s equations, but required the energy exchange with
ma�er to be in discrete quanta. �is was the generally accepted theory at that time. How-
ever, when Einstein in his work on the photoelectric e�ect[20] proposed that the light
�eld itself is quantized, this slowly changed. Initially, Einstein’s hypothesis was received
with scepticism by the scienti�c community, but gained traction a�er Robert Millikan’s
direct measurements of the Planck’s constant ℎ via the photoelectric e�ect in metals[21]
(see �g. 1.1). It was fully accepted only when an interpretation of Arthur Holly Comp-
ton’s experiments on electron sca�ering[22] also required light quanta with particle-like
properties.

Today, the concept that light — and as Louis-Victor de Broglie found in 1924[23] any
quantum entity — may be partly described in terms of classical waves or particles is termed
particle-wave duality. As such, it is deeply embedded in the foundations of quantum me-
chanics. At multiple occasions, it can be shown that the results obtained from a quantum
mechanical treatment have a direct classical interpretation (see table 1.1). However, there
are some truly quantum phenomena that lack a classical equivalent. �ose are generally
only observable in the limit of small quantum numbers, as for big numbers or macroscopic
systems any quantum mechanical theory approaches a classical corresponding descrip-
tion[24].

In the following sections, the basic notions and formalisms of quantum mechanics and
especially optics are swi�ly reviewed and applied to derive characteristics relevant to the
topics discussed within this thesis. More complete descriptions can be found in standard
textbooks on quantum optics theory, e.g. [25–28].
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Figure 1.1. Millikan’s experiment on the photoelectric e�ect: (a) Simpli�ed sketch of the experi-
ment. Light of known frequency shines on an electrode in vacuum. Only if the energy
of the light is greater than the work functionq of the electrode, electrons are dislodged
and hit the opposite electrode. A stopping voltage can be set while measuring the cur-
rent to determine the residual kinetic energy of the electron. (b) �eoretical curve for a
sodium electrode. �is curve is independent from the intensity of the impinging light
and thus motivates a �eld with quantized energy.

Table 1.1. Particle-wave duality: Many commonly observed phenomena can be explained by as-
suming the light to have classical particle or a wave nature. Some more elaborate phe-
nomena only occur in a quantum-mechanical description

Phenomenon Wave Particle �antum

Re�ection 3 3 3

Interference 3 7 3

Photoelectric e�ect 7 3 3

Compton e�ect 7 3 3

Superposition 7 7 3

Entanglement 7 7 3
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1.1. �antization of the Electromagnetic Field

Expanding on the theories of Planck and Einstein, Werner Heisenberg[29] and Erwin
Schrödinger[30] developed the formalism of quantum mechanics. While this new frame-
work precisely predicted the energy levels and spectral lines of atoms, it did not cover the
interaction of light and ma�er yet. Only in 1927, Paul Dirac was able to weave the con-
cept of photons into the fabric of the of quantum mechanics by reinterpreting the �elds
in the Maxwell’s equations as operators and postulating commutation relations between
them[31]. �is technique is now generally called second quantization, analog to �rst quan-
tization where mechanical properties like position and momentum are thought of as quan-
tized operators. In the following, a coarse derivation of the equations of the quantized
electromagnetic �eld is given starting from the classical �eld in a cavity.

�e electromagnetic �eld in a cavity of volume !3 can be composed from orthogonal
modes ; . Each mode is fully described by a wave vector k and a polarization ` and has the
complex amplitude with 0k,` (C). Due to the boundary conditions of the cavity, possible
values of the wave vector are restricted to

k =

(
2π
!

)3
n , (1.2)

with n being a three-dimensional vector of integer numbers. For each k , two polarization
vectors &k,` with ` = ±1 exist, which are perpendicular to each other and k . �us, the
classical vector �eld equations for the electric �eld K (r , C), the magnetic �eld H(r, C) as
well as vector potential �eld G(r, C) can be constructed as[28]:

G(r, C) =
∑
k,`

(
&k,`0k,` (C)eikr + &∗k,`0∗k,` (C)e−ikr

)
(1.3)

K (r , C) = i
∑
k,`

l:

(
&k,`0k,` (C)eikr − &∗k,`0∗k,` (C)e−ikr

)
(1.4)

H(r , C) = i
∑
k,`

{(
k × &k,`

)
0k,` (C)eikr −

(
k × &∗k,`

)
0∗k,` (C)e−ikr

}
(1.5)

Here, the angular frequency lk = 2 |k | that is dependent only on the length of the k-
vector was introduced. In summary, for the boundary conditions set by the cavity and a
�xed choice of polarization basis vectors, the �elds are de�ned by the discrete and in�nite
set of amplitudes 0k,` (C) and their complex conjugates. In the transition to a quantum-
mechanical description, these amplitudes will be replaced by operators. �is replacement
is analog to e.g. the replacement of the time-dependent linear momentum of a particle that
is known from �rst quantization:

p(C) → iℏ∇ (1.6)
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Similar quantization rules for the �eld amplitudes can be de�ned as[28]:

0k,` (C) →
√

ℏ

2n0lk!
3 0̂k,` (1.7)

0∗k,` (C) →
√

ℏ

2n0lk!
3 0̂
†
k,`

(1.8)

It can be noted that in all the transitions to a quantum mechanical description in eqs. (1.6)
to (1.8), the reduced Planck constant is gained on the right side. Further, due to the use of
the Schrödinger picture, the operators have no explicit time-dependence. �e remaining
pre-factor in eqs. (1.7) and (1.8) √

1
2n0lk!

3 (1.9)

is not dictated by any physical principle per se but chosen to give the Hamiltonian in the
following section 1.1.1 a more readable form. It includes the electric constant n0, due to the
use of the SI unit system. �e newly introduced operators follow the boson commutation
relations for non-interacting particles:[

0̂k,`, 0̂k′,`′
]
= 0 (1.10)[

0̂
†
k,`
, 0̂
†
k′,`′

]
= 0 (1.11)[

0̂k,`, 0̂
†
k′,`′

]
= Xk,k′X`,`′ (1.12)

with
[
�̂, �̂

]
= �̂�̂ − �̂�̂. Finally, replacing the amplitudes in eqs. (1.3) to (1.5) according to

the de�ned quantization rules results in the equations for the quantized electromagnetic
�eld:

Ĝ(r) =
∑
k,`

Ek
lk

(
&k,`0̂k,`eikr + &∗k,`0̂†k,`e−ikr

)
(1.13)

K̂ (r) = i
∑
k,`

Ek
(
&k,`0̂k,`eikr − &∗k,`0̂†k,`e−ikr

)
(1.14)

Ĥ(r) = i
∑
k,`

Ek
lk

{(
k × &k,`

)
0̂k,`eikr −

(
k × &∗k,`

)
0̂
†
k,`

e−ikr
}

(1.15)

with the vacuum electric �eld strength

Ek =

√
ℏlk

2n0!3 . (1.16)

Up to now, operators were generally regarded as static due to the use of the Schrödinger
picture. �eir time-dependence can be included by switching to the Heisenberg picture.
For the electric �eld operator in eq. (1.14), this yields

K̂ (r, C) = i
∑
k,`

Ek
(
&k,`0̂k,`ei(kr−lkC ) − &∗k,`0̂†k,`e−i(kr−lkC )

)
. (1.17)
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1.1.1. The�antized Field Hamiltonian

Having the electromagnetic �eld in its quantized form, it is straight forward to derive
the quantized �eld Hamiltonian. �e classical Hamiltonian of the electromagnetic �eld
contains the energy of the �eld and has the form:

� =
1
2n0

∭
!3
|K (r , C) |2 + 22 |H(r , C) |2 d3r (1.18)

Using eqs. (1.4) and (1.5) gives:

� = !3n0
∑
k,`

l2
k

(
0∗k,` (C)0k,` (C) + 0k,` (C)0∗k,` (C)

)
(1.19)

Substituting the �eld amplitudes with the corresponding operators according to the quanti-
zation rules eqs. (1.7) and (1.8) and making use of the commutator relation eq. (1.12) directly
yields the quantized �eld Hamiltonian:

�̂ =
1
2
∑
k,`

ℏlk

(
0̂
†
k,`
0̂k,` + 0̂k,`0̂†k,`

)
=

∑
k,&

ℏlk

(
0̂
†
k,&
0̂k,& +

1
2

)
(1.20)

In this representation, it is obvious that each mode of the Hamiltonian of the quantized
�elds is mathematically equivalent to the Hamiltonian of the quantum harmonic oscillator
of a single particle[27] and all of its known results can be applied.

1.1.2. Photon Number States

In the following, only one �eld mode will be regarded. �erefore, the sum and mode indices
in eq. (1.20) can be dropped for be�er readability. �e resulting one dimensional quantum
harmonic oscillator reads:

�̂ = ℏl

(
0̂†0̂ + 1

2

)
(1.21)

So far, the operators 0̂† and 0̂ that appear in this equation were introduced as quantum
mechanical replacements for the �eld amplitudes in section 1.1. Now their properties will
be investigated in more detail. Acting with 0̂† on an =-fold excited state |=〉 raises it to an
= + 1 fold excited state |= + 1〉, while acting with 0̂ lowers the state to |= − 1〉:

0̂† |=〉 =
√

1 + = |= + 1〉 (1.22)
0̂ |=〉 = √= |= − 1〉 (1.23)

and in particular:
(0̂†)=√
=!
|0〉 = |=〉 , with = ∈ N. (1.24)

Since the energies of the harmonic oscillator are equidistant, the state |=〉 can also be
interpreted as a single state with= non-interacting particles, in this case photons, of energy
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ℏl . �us, |=〉 is also referred to as photon number state or Fock state and 0̂† and 0̂ as
(photon) creation and annihilation operators.

Expanding on the relations above, one can further de�ne the number operator #̂ as

#̂ = 0̂†0̂ , (1.25)

from which
#̂ |=〉 = = |=〉 (1.26)

immediately follows. Evidently, Fock states are eigenstates of the number operator and
when acting on a state, #̂ returns the discrete number of photons = in the corresponding
mode. With this, the Hamiltonian in eq. (1.21) can also be expressed as

�̂ = ℏl

(
#̂ + 1

2

)
. (1.27)

�us, an eigenstate of #̂ is also an energy eigenstate of the Hamiltonian with energy:

�= = 〈= |�̂ |=〉 = ℏl

(
= + 1

2

)
(1.28)

Notably, the zero-photon or vacuum state |0〉 does not have zero energy but �0 = 1
2ℏl .

Photon number states only result from a quantum mechanical theory and do not have a
classical correspondence. �ey are particularly important for the description of quantum
light sources such as the single-photon emi�ers investigated in this thesis. Ideal sources
have a unity probability to successively produce single-photon states |1〉 on demand.

1.1.3. Coherent States

While the previous section covered the quantum-mechanical representation of a state with
a �xed photon number like the ones produced by single-photon emi�ers, this section treats
states produced by a coherent source such as an ideal laser or Hertzian dipole. Here, with-
out going into too much detail, some relevant properties of these so-called coherent states
are given.

Coherent states are eigenstates of the annihilation operator, such that

0̂ |U〉 = U |U〉 , (1.29)

with U being an arbitrary complex number. When working with coherent states, it is o�en
advantageous to write them as a superposition of Fock states:

|U〉 = e−
|U |2

2

∞∑
==0

U=√
=!
|=〉 (1.30)

Further, the expectation value of a single electric �eld mode of a coherent state can be
calculated using eqs. (1.17) and (1.29):

〈U |K̂ (r , C) |U〉 = iE
(
U&kei(kr−lkC ) − U∗&∗ke−i(kr−lkC )

)
(1.31)
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It takes the form of a monochromatic plane wave with wave vector k and frequencylk . In
the following section it will be shown that in the limit of large quantum numbers, coherent
states in fact approach a purely classical description of a monochromatic plane wave.

1.2. Photon Statistics

A main objective of this thesis is to optically characterize quantum light sources, which
means in order to extract information from the source, the emi�ed photons are detected.
Here, the results from section 1.1 are used to derive statistical properties that are charac-
teristic for detecting photons emi�ed by di�erent types of sources.

For the following discussion, it is convenient to decompose the electric �eld operator
into two Hermitian adjoint operators:

K̂ (r) = K̂
(+) (r) + K̂ (−) (r) , (1.32)

where
K̂
(−) (r) = K̂

(+)†(r) . (1.33)

With this, the instantaneous intensity operator can be de�ned as

�̂ = K̂
(+) (r) · K̂ (−) (r) =

∑
k,`

E2
k0̂
†
k,`
0̂k,` . (1.34)

Its expectation value then calculates as〈
�̂
〉
= 〈k |�̂ |k 〉 =

∑
k,`

E2
k 〈k |#̂k,` |k 〉 . (1.35)

�e result is just the expectation value of the number operator in each mode multiplied by
the corresponding �eld strength.

In the rest of this section the statistical properties of the entities above will be examined.
First, in section 1.2.1, they will be used to introduce a classi�cation via the instantaneous
intensity statistics. �en, in section 1.2.3 the results will be linked to coherence properties
of di�erent types of light.

1.2.1. Classification of Light

A beam of light has a distinct temporal intensity statistics that is linked to the nature of
its source. As seen in eq. (1.35), the intensity of light is directly proportional to the photon
number. Successive intensity measurements thereby reveal the underlying statistics of
the photon number distribution. �e probability to �nd =′ photons in a measurement is
calculated by projecting the state that describes the �eld |k 〉 onto the Fock state |=′〉:

% (=′) = |〈=′ |k 〉|2 (1.36)
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It becomes immediately apparent that if the measured state is a Fock state, the following
relation holds:

%F(=′) = |〈=′ |=〉|2 =
{

1 if =′ = =

0 otherwise
(1.37)

In other words: photon number measurements on identical Fock states will always yield
the same result and thus pure Fock states do not exhibit any intensity �uctuations.

For coherent states, eq. (1.36) can be evaluated using eq. (1.30). �is results in a Poisso-
nian distribution:

%C(=′) = |〈=′ |U〉|2 = |U |
2=′

=′! e−|U |
2

(1.38)

One characteristic property of a Poissonian distribution is that its statistical variance Δ=2

and mean value =̄ are equal. In eq. (1.38), they can be identi�ed as Δ=2 = =̄ = |U |2. From an
experimentalists point of view, this variance between measurements manifests as intensity
noise that is inherent to coherent light sources. As such, it is o�en referred to as shot noise
or quantum noise. As the variance scales linearly with the photon number =, the stan-
dard deviation Δ= scales with the square root of =. �us, the distribution becomes more
narrow for large photon numbers. In accordance with the correspondence principle, exper-
iments with large �eld intensities have negligible relative shot noise amplitudes and the
outcome of a measurement approaches the behavior described by the classical equations
for monochromatic waves.

�ermal light emi�ed by a black body e.g. a conventional macroscopic lamp is another
example of a light source with a distinct photon statistics. While the description of the
spectral energy distribution of a black-body emi�er requires some form of quantized the-
ory, as discussed in the introduction of this chapter, its photon number distribution may be
modeled purely classical: Starting from a collection of # independent harmonic oscillators
with similar electric �eld K0(C) but random phase i and delay g

K =

#∑
8

eii8K0(C − g) . (1.39)

A complete derivation of the probability to measure =′ photons results a Bose-Einstein
distribution[25]:

%) (=′) = 1
=̄ + 1

( =̄

=̄ + 1

)=′
(1.40)

with the variance Δ=2 = =̄ + =̄2.
�e vastly di�erent statistics found in eqs. (1.37), (1.38) and (1.40) nicely illustrate how

the expected outcome of intensity measurements is dependent on the type of light source.
�erefore it makes sense to use the photon number distribution as a criterion to classify
light. Choosing the Poissonian distribution of coherent light and its variance as the base-
line, a separation into sub-Poissonian, Poissonian and super-Poissonian is reasonable. Fig-
ure 1.2 shows the generalized criteria and classical examples for the three classes. While
super-Poissonian and Poissonian statistics can be obtained via a classical description of the
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electromagnetic �eld, sub-Poissonian distributions as found in e.g. quantum emi�ers only
originate from a quantum mechanical formalism.

(a)

Statistics Photon number
�uctuation

Classical example

Super-Poissonian Δ= >
√
=̄ �ermal, chaotic or

incoherent light
Poissonian Δ= =

√
=̄ Coherent light

Sub-Poissonian Δ= <
√
=̄ None

(b)

0 100 200

Photon number

0

5
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/% n̄ = 100

∆n =
√
n̄

∆n <
√
n̄

∆n >
√
n̄

Figure 1.2. Classi�cation of light due to intensity statistics. (b) shows a Poissonian distribution
(blue) with an average photon number =̄ = 100. Sub-Poissonian light has a narrower
distribution (orange) while super-Poissonian light (green) is wider for the same =̄.

When measuring the intensity of a beam in an experiment, photon losses may distort
the signal. Typical loss mechanisms include:

• Ine�cient collection optics,

• sca�ering, absorption or re�ection from surfaces,

• ine�cient detectors.

All these processes randomly discard photons and thus superimpose a Poissonian statis-
tics onto the original signal. �is is especially problematic for sub-Poissonian light with
low intensities, e.g. from a single-photon emi�er as it renders a veri�cation of the quan-
tum nature of the source based on instantaneous intensity statistics almost impossible[32].
However, in the remaining part of this section, coherence measurements will be introduced
that allow for a robust identi�cation of quantum emi�ers.

1.2.2. Coherence Properties of Electromagnetic Fields

Although in section 1.1.3 quantum-mechanical coherent states have been already discussed
and their correspondence to classical monochromatic plane waves was shown in section 1.2,
the concept of coherence itself was not explained until now. Coherence generally describes
how physical quantities like the phase or amplitude in a light �eld correlate at di�erent
points in spacetime. In other words: how predictable those quantities are at one point of
the �eld if they are fully known at another location or time. �e =th order of coherence
thereby expresses the correlation of 2= points.



16 1. THE QUANTUM NATURE OF LIGHT

First-order coherence thus describes interference phenomena of electric �elds as they are
measured with a Michelson interferometer later in section 4.3.1. �e so-called �rst-order
coherence function 6 (1) is usually given in a normalized form such that perfect coherence
results in a coherence amplitude of one. For classical electromagnetic �elds, its mathemat-
ical de�nition reads as[33]:

6 (1) (r1, C1; r2, C2) = 〈K∗(r1, C1)K (r2, C2)〉[〈|K∗(r1, C1) |2
〉 〈|K (r2, C2) |2

〉] 1
2

(1.41)

Here 〈· · ·〉 denotes a statistical ensemble average. For stationary states, this average be-
comes a time average over long time intervals )

〈K∗(r1, C1)K (r2, C2)〉 = 1
)

∫
)

K∗(r1, C1)K (r2, C2) dC . (1.42)

Further, the absolute times C1 and C2 can be replaced by an arbitrarily chosen time C so that
C1 → C and a time delayed by g , (C2 → C + g) with

g = C1 − C2 − r1 − r2
2

. (1.43)

If only a single mode of the �eld is considered, spatial coherence aspects e�ectively vanish.
In this case, eq. (1.41) takes the simpli�ed form

6 (1) (g) = 〈K
∗(C)K (C + g)〉〈 |K (C) |2〉 . (1.44)

For a classical monochromatic input �eld, e.g. the light of an ideal laser

K (C) = �0& · e−i(lC−i) (1.45)

that is polarized along the unit vector & , has the constant amplitude �0, frequency l and
phase i , the 6 (1) -function evaluates to[26]

6 (1) (g) = e−ilg (1.46)

�us, for constant monochromatic �elds
��6 (1) (g)�� ≡ 1, which by de�nition means it is fully

coherent in the �rst order.
�e second-order coherence function 6 (2) is de�ned as[33]:

6 (2) (r1, C1; r2, C2) = 〈K
∗(r1, C1)K∗(r2, C2)K (r1, C1)K (r2, C2)〉〈 |K (r1, C1) |2

〉 〈|K (r2, C2) |2
〉 (1.47)

If only a single static mode is considered, the same replacements as in eq. (1.44) can be
made:

6 (2) (g) = 〈K
∗(C)K∗(C + g)K (C)K (C + g)〉〈 |K (C) |2〉2 (1.48)
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If the �elds are further considered classical, the terms in eq. (1.48) can be rearranged and
the 6 (2) -function can be expressed in terms of intensities:

6 (2) (g) = 〈� (C)� (C + g)〉〈� (C)〉2 (1.49)

�e resulting expression is the intensity of the �eld correlated with the intensity of the
�eld a�er a time delay g and normalized by the squared mean intensity. If the intensity of
the �eld is constant as for laser light in eq. (1.45), this expression evaluates to one for all
g . Further, it becomes evident why correlation measurements are not a�ected by random
photon losses. Formally, such losses can be included into the description via a pre-factor [
that reduces the measured intensity to �̃ (C) = [� (C). If [ is constant during measurement,
it cancels out in eq. (1.49).

So far, the electric �elds in the correlation functions were considered classical. A shi�
to a quantum mechanical description can be made by replacing the classical �eld quanti-
ties with their operator equivalents (eqs. (1.32) and (1.34)) and interpreting the statistical
averaging as a quantum mechanical expectation value[33, 34].

K∗ → K̂ (−) (1.50)
K → K̂ (+) (1.51)
〈$〉 → 〈k |$̂ |k 〉 (1.52)

With these replacements and a normal time reordering of the operators — so that the cre-
ation operators are on the le� and the annihilation operators are on the right — the proper
quantum mechanical �rst- and second-order coherence functions read as:

6 (1) (g) =

〈
K̂
(−) (C)K̂ (+) (C + g)

〉〈
K̂
(−) (C)K̂ (+) (C)

〉 (1.53)

6 (2) (g) =

〈
K̂
(−) (C)K̂ (−) (C + g)K̂ (+) (C + g)K̂ (+) (C)

〉
〈
K̂
(−) (C)K̂ (+) (C)

〉2 (1.54)

In the case of coherent states this can be evaluated using eqs. (1.31) and (1.32), which to
no surprise results in

6
(1)
C (g) ≡ 1 and 6

(2)
C (g) ≡ 1 . (1.55)

�us, the previous classical results are matched and the naming of these states is adequate.

1.2.3. Photon Bunching and Antibunching

In section 1.2.1, a classi�cation of light according to whether the photon statistics is sub-
Poissonian, Poissonian or super-Poissonian was made. It was stated that due to loss mech-
anisms that are inherent to an experimental determination of the instantaneous intensity
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statistics this classi�cation is unsuited for faint sub-Poissonian sources. Now, a robust char-
acteristic that identi�es non-classical light is introduced. �e underlying statistics can be
illustrated best if the light beam is regarded as a stream of individual photons. �is descrip-
tion can be motivated by the photon detection process, e.g. in photon counting experiments,
where the energy of a photon is absorbed by the detector. In section 2.1, photon emission
and absorption will be treated in greater detail. For now it is su�cient to know that the
exact moment the energy of the photon is transfered to the detector can be interpreted as
a sudden quantum jump that ultimately triggers a short electric pulse with a discrete time
stamp. From an observer’s perspective, a beam of light measured with a photon detector
is therefore not much di�erent than e.g. a stream of charged particles measured with an
electron multiplier.
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Figure 1.3. Photon statistics of thee di�erent light sources: A perfect single-photon emi�er that
regularly emits a photon at a �xed time interval (blue), a thermal light source (orange)
and a coherent light source (green). �e le� side shows the probability distribution
of the intensity in units of photons per time interval if �ve photons are detected on
average within a time interval. �e right side is a simulation of the corresponding
photon arrival times.

Figure 1.3 shows the photon distribution within a stream of thermal, coherent and a
single-photon source according to eqs. (1.37), (1.38) and (1.40). Although all streams have
the same number of photons per time interval on average, the statistics of the spacing
between photons vastly di�er: For coherent light, the photons are spaced randomly while
they bunch together for thermal sources and are more evenly spaced — or antibunched
— in the case of the quantum light sources. �is statistics is directly re�ected in the 6 (2) -
function:
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• bunched light: 6 (2) (g) > 1

• antibunched light: 6 (2) (g) < 1).

However, for long delay times and unevenly spaced photons, this behavior vanishes as
the photons become more and more uncorrelated, until the correlation function �nally
approaches its Poissonian limit of 6 (2) (g) = 1. �erefore, the value of the 6 (2) function at
zero time delay is of particular interest. It calculates from, eq. (1.54) as:

6 (2) (0) = 〈=̂(=̂ − 1)〉
〈=̂〉2 (1.56)

With this, one �nds[25]:

6 (2) (0) =


1 , for coherent light
2 , for thermal light
=−1
=

, for Fock states
(1.57)

�us, antibunching is a general characteristic of quantum light sources. For single-photon
emi�ers the 6 (2) (0)-value is an important benchmark. Ideal single-photon sources have a
6 (2) (0)-value of zero, while a value of 0.5 already indicates a two photon state.





2. Solid-State�antum Emi�ers

In this chapter, the interaction of light and ma�er will brie�y be investigated. An isolated
single atom with two well-de�ned electronic eigenstates with energies �1 and �2 can be
regarded as an idealized model system to introduce the general vocabulary. Figure 2.1
depicts the fundamental processes of photon absorption and emission in such a two-level
system.

E1

E2

E = hν E = hνabsorption emission

Figure 2.1. Photon absorption and emission: Absorption of a photon transfers the two-level sys-
tem to an excited state. A�er some time, it decays back into the ground state while
emi�ing a photon. �e energy di�erence of both states matches the energy of the
absorbed and emi�ed photon.

�is is a closed system, such that, during all stages of the excitation cycle the energy
is conserved. �erefore, absorption can only take place if the energy of the impinging
photon matches the energy di�erence of the two energy levels and the electron is in the
lower energy state. A�er the absorption of the photon, the electron is in the higher energy
state — the atom is excited. Spontaneous emission is the reversed process: A photon with
matching energy is created while the atom relaxes back to the lower energy ground state.
Since only one photon is emi�ed per cycle, a single atom is a source of subsequent single
photons. However, isolating an individual atom against its environment is generally quite
a challenging task. Common techniques involve elaborate trapping schemes and costly
vacuum as well as laser equipment[35].

During the course of this thesis, di�erent atom-like systems in solid hosts will be intro-
duced that replicate many of the photophysical quantum properties found in atoms. While
being embedded in a condensed phase facilitates the general handling of these quantum
emi�ers, it also introduces spectral broadening mechanisms and decoherence mechanisms
as will be discussed in section 2.2.
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2.1. Rate Equations for Dynamics of Electronic States

Perturbation theory enables a more formal expansion on the very schematic description
of the photo excitation cycle given in the previous section. A thorough analysis[26, 36]
yields Fermi’s golden rule, which gives the transition rates between eigenstates of the in-
vestigated system in a weak perturbing light �eld. According to this rule, the rate for the
transition from the initial state |8〉 with energy �8 = ℏl8 to a set of �nal states |5 〉 with
identical energies �5 = ℏl 5 reads as

Γ8 5 =
2π
ℏ

∑
5

��〈5 | �̂ ′ |8〉��2 X (l8 − l 5 ) (2.1)

where �̂ ′ = −p̂ · K0 is the interaction Hamiltonian in the dipole approximation with p̂ =

@r̂ being the electric dipole moment of the system and with charge @ and K0 being the
electric �eld amplitude[25]. �e dipole approximation is valid for optical transitions in
quantum systems, since their typical sizes range from a few angstroms (e.g. trapped ions)
to tens of nanometers (e.g. semi conductor quantum dots), which is much smaller than the
wavelength of the interacting light �eld. �us, the electric �eld is in good approximation
constant over the extent of the state’s wave functions and can be pulled out of the volume
integral when calculating the transition matrix element 〈5 | �̂ ′ |8〉:

〈5 | �̂ ′ |8〉 = 〈5 | p̂ · K0 |8〉 (2.2)

= K0 · @
∫
k ∗
5
(r) r̂k8 (r) d3r︸                     ︷︷                     ︸
-8 5

(2.3)

Here the transition dipole moment

-8 5 = 〈5 | p̂ |8〉 (2.4)

was introduced.
Notably, in eq. (2.1) the energy terms ℏl8 and ℏl 5 both include the atom and the radia-

tion �eld. �e Dirac delta function X (l8 −l 5 ) thus ensures the conservation of energy. In
the case of a transition from the excited state with no photon present to the ground state
plus an emi�ed photon this manifests as ℏl8 = �4 and ℏl 5 = �6+ℏl0, with �4 and �6 being
the excited and ground state energies and ℏl0 being the energy of the emi�ed photon. An
integral over the delta function only evaluates to one if the energy of the emi�ed photon
matches the energy di�erence of the states �4 −�6 = ℏl0. Obviously, the same has to hold
for the reversed process of exciation via the absorption of a photon.

As long as the assumptions made for the derivation of Fermi’s golden rule hold, a transi-
tion from one eigenstate to another eigenstate of a system is described by a constant rate.
�is motivates the modeling of the dynamics of average state populations=8 (C) of the states
|8〉 in terms of classical rate equations (here 8 marks an arbitrary state of the system and
not necessarily the initial state). To be in accord with common literature, the transition
rates between two states |8〉 and | 9〉 will be labeled :8 9 instead of Γ8 9 from now on.
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2.1.1. Excited State Lifetime

Before regarding systems that are continuously driven by an external light �eld, the decay
of an excited state without an applied �eld is investigated here �rst. Without an additional
light �eld, the mere presence of the vacuum �eld is su�cient to cause an excited state to
decay. As the vacuum �eld acts as a constant perturbation, the corresponding rate is also
constant. �erefore, a�er initializing the system in the excited state and switching o� any
driving �eld at C = 0, the occupation =4 decays via the exponential law

=4 (C) = =4 (0) · e−
C
g4 , (2.5)

with the lifetime g4 . In the case of a system with # states, the lifetime calculates as the
reciprocal sum over all available decay rates starting from |8〉.

g8 =
1∑#

9=1, 9≠8 :8 9
(2.6)

If the decay is accompanied by the release of a photon, the lifetime can directly be measured
in a pulsed excitation experiment as will be shown in section 3.2.1.

2.1.2. Two-Level Rate Equations
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Figure 2.2. Dynamics of a two-level system: (a) Schematics of the level system. (b) Solution of the
time dependent occupation dynamics a�er initialization in the ground state.

�e most simple externally driven photo-physical system to investigate consists of a
ground state |6〉 and an excited state |4〉 with transitions between them as already depicted
in �g. 2.1. Figure 2.2a shows a more compact diagram of this two-level system, including
the transition rates which, are symbolized as arrows between the energy levels. �is type
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of diagram is o�en referred to as Jablonski diagram[37]. A set of di�erential equations that
describes the absorption and emission is

¤=6 (C) = −:64=6 (C) + :46=4 (C)
¤=4 (C) = +:64=6 (C) − :46=4 (C) ,

(2.7)

where do�ed entities are time derivatives. To calculate the analytical solution of this sys-
tem of equations, it can be wri�en in matrix formalism:(

¤=6
¤=4

)
︸︷︷︸
¤n

=

(
−:64 :46

:64 −:46

)
︸           ︷︷           ︸

G

·
(
=6

=4

)
︸︷︷︸

n

(2.8)

A general solution of such a homogeneous �rst order di�erential equation has the form

n(C) =
#∑
8=1

e_8C · vi (2.9)

with # = 2 for two-level systems, the eigenvalues _8 and the eigenvectors v8 . �e eigen-
values are obtained by solving the characteristic equation

det(G − _8 O ) = 0 (2.10)

for _8 . Here, O stands for the identity matrix. �e resulting eigenvalues are

_1 = 0 and _2 = −:64 − :46 . (2.11)

By de�nition, pairs of eigenvalues and eigenvectors solve the eigenvalue equation Gv8 =

_8v8 , which can be reshaped as
(G − _8 O ) v8 = 0 . (2.12)

Solving this for one eigenvalue at a time, yields the eigenvectors

v0 = 21 ·
(

1
:46/:64

)
, v1 = 22 ·

(
1
−1

)
. (2.13)

Here the scaling constants 21/2 were introduced. With the system being initialized in the
ground state as a starting condition:

=6 (C = 0) = 1 , =4 (C = 0) = 0 (2.14)

the constants calculate as

21 =
:64

:64 + :46 and 22 =
:46

:64 + :46 . (2.15)
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In summary, this leaves

=6 (C) =
:64

:64 + :46 +
:46

:64 + :46 · e
−(:64+:46) ·C

=4 (C) =
:46

:64 + :46 −
:46

:64 + :46 · e
−(:64+:46) ·C

(2.16)

as the solution of the photodynamics. Notably, any change in the ground state occupation
is re�ected in an equal but negative change in the excited state. As a result, the sum of both
occupations is conserved and always adds up to one, which makes sense — in this classical
model, the single electron has to be in one of the two states at all times. Figure 2.2b shows
the time evolution of the occupations. For an arbitrarily chosen set of transition rates, the
system reaches a steady state for C →∞, which can be easily seen in eq. (2.16) as negative
exponentials go to zero for large values of C . �us, the steady-state occupations are:

=ss
6 =

:64

:64 + :46
=ss
4 =

:46

:64 + :46

(2.17)

2.1.3. Three-Level Rate Equations
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Figure 2.3. Dynamics of a �ree-Level system: (a) Schematics of the level system. (b) Solution of
the time dependent occupation dynamics a�er initialization in the ground state.

Following the same steps as in the previous section for the two-level system, the photo-
dynamics of the three-level system consisting of a ground state |6〉, excited state |4〉 and
shelving state |B〉 as depicted in �g. 2.3 can be derived by starting with the following set of
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rate equations:

¤=6 (C) = −:64=6 (C) +:46=4 (C) +:B6=B (C) (2.18)
¤=4 (C) = +:64=6 (C) −(:4B + :46)=4 (C) (2.19)
¤=B (C) = +:4B=4 (C) −:B6=B (C) (2.20)

Which yields three eigenvalues:

_1 = 0 , _2/3 =
−% ∓

√
%2 − 4&
2 (2.21)

with

% = :46 + :64 + :4B + :B6 and & = :B6 · (:46 + :64) + :4B · (:B6 + :64) (2.22)

With the system fully initialized in the ground state at C = 0, the individual state occupa-
tions evolve as

=6 (C) =
:B6

(
:46 + :4B

)
_2_3

+ :64
(
:46 + :64 + _3

)
_2(_2 − _3) e_2C− :64

(
:46 + :64 + _2

)
_3(_2 − _3) e_3C (2.23)

=4 (C) =
:64:B6

_2_3
+ :64

(
:B6 + _2

)
_2(_2 − _3) e_2C− :64

(
:B6 + _3

)
_3(_2 − _3) e_3C (2.24)

=B (C) =
:64:4B

_2_3
− :64:4B_2

_2 − _3
e_2C+ :64:4B_3

_2 − _3
e_3C (2.25)

and reach a steady state for C →∞:

=ss
6 =

:B6
(
:46 + :4B

)
_2_3

(2.26)

=ss
4 =

:64:B6

_2_3
(2.27)

=ss
B =

:64:4B

_2_3
(2.28)

�e dynamics of all three average state occupations is shown in �g. 2.3 for an arbitrarily
chosen set of transition rate constants.

2.1.4. General Statements for Single Emi�er Rate Equations

�e whole derivation of the two- and three-level system dynamics boils down to a sim-
ple exercise in linear algebra, starting from rate equations that de�ne the system. �is
approach will not change for higher level systems, although the resulting expressions can
get quite lengthy. But even without fully solving the equations, one can formulate com-
mon statements that generally apply to single-photon emi�ers with an arbitrary amount
of levels.
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If transitions between all # emi�er states are allowed, the matrix G takes the form:

G =

©«
−∑#

8,8≠1 :18 :21 · · · :# 1
:12 −∑#

8,8≠2 :28 · · · :# 2
...

...
. . .

...

:1# :2# · · · −∑#
8,8≠# :#8

ª®®®®®¬
(2.29)

Notably, the sum over each column in this matrix always adds up to zero. Since adding
one row of a matrix to another leaves its determinant unchanged, it is possible to replace
one row of the matrix with zeros by just adding all other rows to it. Having a row of zeros
directly implies that the system is not linearly independent and its determinant is zero.

det(G) !
= 0 (2.30)

�is directly implies that at least one _1 = 0 solves the characteristic equation (eq. (2.10)).
Going back to the general solution of the dynamics in eq. (2.9), it is evident that inserting a
zero eigenvalue will result in a time independent addend, so the �nal equation will have no
more than # − 1 time dependent exponential contributions. However, since G is generally
not symmetric, the remaining eigenvalues and eigenvectors can still be complex. Nonethe-
less, their possible range can be constrained as follows: First, eigenvalues with a positive
real part can be discarded, since they would result in diverging contributions to the general
solution which is unphysical. Second, the eigenvalue equation (eq. (2.12)) generally also
holds for its complex conjugate G∗v∗8 = _

∗
8 v
∗
8 . With G being real (G∗ = G), this means sets

of eigenvalues _8 and corresponding eigenvectors v8 , which solve the equation, will either
be purely real or have a complex conjugate set with _ 9 = _∗8 and v 9 = v∗8 that also solves
the equation. As a result, sets of complex conjugate partners (c.c.p.) can be identi�ed in
every general solution with complex eigenvalues:

n(C) = v0 + · · · + e_8Cv8 + e_∗8 Cv∗8︸           ︷︷           ︸
c.c.p.

+ · · · (2.31)

Comparing this to the solution of the three-level system developed in section 2.1.3, it is
already noticeable that for %2 < 4& the square root in eq. (2.21) becomes imaginary. As
expected _2 = _∗3 then holds for this case and consequently, the pre-factors in front of
the exponential functions in eq. (2.25) form a complex conjugate pair of the corresponding
components of the eigenvectors. If the exact solution of the photodynamics is unknown,
a decomposition of a complex conjugate pair into its real and imaginary parts can still be
done in a more general way with Euler’s formula for trigonometric functions:

c.c.p. = e_8Cv8 + e_∗8 Cv∗8
= 2eRe{_8 }C [Re{v8} cos(Im{_8}C) − Im{v8} sin(Im{_8}C)]
= 2A · eRe{_8 }C sin (− Im{_8}C + i)

(2.32)

with
A =

√
Re{v8}2 + Im{v8}2 and i = arctan

(
Im{v8}
Re{v8}

)
. (2.33)



28 2. SOLID-STATE QUANTUM EMITTERS

Now it is evident that complex eigenvalues _8 will always yield purely real contributions to
the total photodynamics in the form of damped oscillations with angular frequency Im{_8}
and damping rate Re{_8}.

In summary, the photodynamics of any multi-state system approaches an equilibrium
for C → ∞ as long as the transition rates are unchanged during the observation time. �e
time scale on which this equilibrium is reached is determined by the real parts of the eigen-
values of the transition rate matrix, while its �nal composition in terms of participating
states is dependent on the eigenvectors. In general, eigenvalues and eigenvectors can be
complex. However, if they are complex, their complex conjugates also contribute to the
general solution for the photodynamics and exactly cancel out all imaginary parts. �e
total solution will therefore always yield real values.

2.1.5. The Relation between Rate Equations and the 6(2)-Function

�e results derived above are particularly important as they lay the foundation to connect
the rate equations to the 6 (2) -function as de�ned in section 1.2.2. �e 6 (2) -function states
how an intensity measurement at time C correlates with an intensity measurement at C + g .
Or in the context of single-photon emi�ers: how likely it is on average to detect a photon
a�er a delay g , if a photon was detected at time C . �is corresponds to a description via a rate
model as follows: It is evident that the probability to detect a photon that originates from
a radiative transition, e.g. between an excited state |4〉 and the ground state |6〉, has to be
proportional to the excited state occupation =4 (C). Further, a�er a photon of this transition
has just been detected at C0, the system is known to be in the ground state. Solving the rate
equations with the starting condition of being in the ground state at C0 — like it was done
for a two- and three-level system in sections 2.1.2 and 2.1.3 and C0 = 0 — thus results in a
progression of the excited state average occupation a�er the detection event =4 (g). �is is
proportional to the probability of detecting another photon a�er the �rst detection event
at the time di�erence g between the photons. �erefore, normalizing the expression by the
steady-state occupation of the excited states gives the 6 (2) -function according to the rate
model of the system:

6 (2) (g) = =4 (g)
=BB4

(2.34)

For the level schemes that were solved in sections 2.1.2 and 2.1.3, this yields

6 (2) (g) = 1 − e_2g (2.35)

for the two-level system and

6 (2) (g) = 1 − (1 +�)e_2g︸       ︷︷       ︸
antibunching

+ �e_3g︸︷︷︸
bunching

with � =
_2(:31 + _3)
:31(_2 − _3) (2.36)

for the three-level system with the corresponding eigenvalues _8 as given in sections 2.1.2
and 2.1.3. Figure 2.4 shows the normalized second-order correlation function of a three-
level system and further illustrates the e�ect of the individual parameters in eq. (2.36). It
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becomes evident why � is o�en referred to as the bunching amplitude while the eigenval-
ues _2 and _3 can be termed antibunching and bunching rate. By expressing the rates in
terms of the time constants g2 and g3 respectively with g8 = −1/_8 , they directly relate to the
timescale of the antibunching and bunching.
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Figure 2.4. Shape of the6 (2) -function of a three-level system according to eq. (2.36) with bunching
amplitude� = 2, antibunching time g2 = 1 and bunching time g3 = 5. �e orange trace
shows the evolution of eq. (2.36) if the antibunching term is dropped. What is le� then
is an exponentially decaying curve following �e−g/g3 + 1.

Notably, the general shape of the 6 (2) -function can be described by only 2# − 2 param-
eters or less as follows from eqs. (2.9), (2.30) and (2.32). In other words, every additional
emi�er state a�er the ground and excited state adds another bunching term. �us, the
6 (2) -function of an # -level system can be wri�en as:

6 (2) (g) = 1 −
(
1 +

#∑
8=3

�8

)
e−g/g2 +

#∑
8=3

�8e−g/g8 (2.37)

All the parameters in this equation are ultimately determined by the transition rates of the
corresponding level scheme. However, directly retrieving the rates from a 6 (2) -measure-
ment is generally not possible without additional assumptions, because the photodynamics
of a # -level system include up to # 2 −# transitions between levels (see eq. (2.29)). So the
emi�er’s complete photodynamics is encoded in the 6 (2) -function, but decoding it requires
multiple measurements under di�erent known conditions and is generally a delicate task,
especially when the level structure itself is still unknown.



30 2. SOLID-STATE QUANTUM EMITTERS

2.2. Spectral Properties of Solid-State�antum Emi�ers

Localized structural anomalies in solids can act as arti�cial atoms. In semiconductors, a
point defect like a missing native atom, a foreign impurity or a dopand locally perturbs
the band structure, creating discrete atom-like electronic states within the bandgap of the
host. If the electronic level scheme of such a single defect allows for optical transitions at
wavelengths within the transparency window of the host, optical access to this quantum
system is possible. At the same time, the well-de�ned solid-state host isolates the emi�er
from the environment and can e�ectively shield from decoherent processes. If the concen-
tration of these defects is low enough to optically resolve individual ones, such systems
provide a very versatile platform for quantum optics experiments.

A characteristic trait of single emi�ers embedded in condensed ma�er is their inter-
action with the host matrix. �e nuclei of the host la�ice and the defect structure can
support vibrational modes — called phonons —which can couple to each other, opening up
non-radiative transition paths and sub-levels that carry energy in addition to the purely
electronic states. As a result, the wave function of a solid-state emi�er is a compound of an
electronic and phononic part and is generally described with two quantum numbers: n for
the electronic states and a for the vibrational states of the la�ice, Ψtotal = |n, a〉. However,
the Born Oppenheimer approximation states that in many cases both parts of the total
wave function can be treated individually |n, a〉 = Ψ4 (n) ⊗ Ψ# (a), as the dynamics of the
electrons and nuclei e�ectively decouples due to their vastly di�erent masses[38].

In the following, the �ndings from section 2.1 are extended to give insight into the gen-
eral spectral properties arising from these interactions. �e goal of this is by no means
to perform a full ab initio calculation of detailed spectral features of a speci�c defect, but
rather to give a broad overview of the most relevant physical processes taking place and
establish the vocabulary needed to describe them.

2.2.1. Franck Condon Principle

�e Franck Condon principle is a direct result of the Born Oppenheimer approximation
and explains the intensity of vibronic transitions. It stipulates that electronic transitions
between the states do not change the atomic con�guration of the la�ice, as they happen on
a much faster time scale than la�ice motions. In other words: Optical transitions transfer
no momentum and do not a�ect the con�gurational coordinate @8 of any la�ice mode 8 .

Figure 2.5 shows the simpli�ed coupling of a normal phonon la�ice mode 8 for the con-
�gurational coordinate@8 with the electronic states having zero-phonon energies �0 and �1.
To be�er illustrate the general behavior, the vibronic potentials in both electronic states
are approximated to be harmonic and with identical force constants  8 = <8Ω

2
8 . As a

result, phonons contribute equal energy quanta ℏΩ8 to the electronic zero-phonon ener-
gies. Furthermore it is assumed that the phonons dissipate quickly into the bulk and tran-
sitions mainly occur from a zero-phonon state (low temperature approximation). With
these assumptions and Fermi’s golden rule (eq. (2.1)) the transition rate from the excited
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Figure 2.5. Franck Condon energy diagram: @8 is the con�gurational coordinate for a normal lat-
tice mode 8 of the host-defect system. �e potential energies in both electronic states
are approximated to be harmonic and equal with respect to the la�ice mode, result-
ing in a constant phonon energy spacing ℏΩ8 . Arrows represent transitions between
energy levels with green marking transitions where an external photon is absorbed
by the system, red marking transitions where a photon is emi�ed and dashed black
marking non-radiative phononic transitions. �e thickness of the arrows indicates the
probability of a transition. Transitions preferably occur if there is an overlap between
the initial and �nal state wave function (shaded area).
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zero-phonon state |8〉 = |1, 0〉 to the a-th level of the la�ice mode 8 in the electronic ground
state |5 〉 = |0, a〉 calculates as

Γ|1,0〉 |0,a 〉 =
2π
ℏ

��〈0, a | �̂ ′ |1, 0〉��2 X (�1 − �0 − aℏΩ8 − ℏl0) . (2.38)

Here, the sum in eq. (2.1) was dropped, since only emission to a single mode is regarded. As
discussed in section 2.1, the delta function ensures the conservation of energy. Transitions
only occur if the energy di�erence of the zero-phonon states equals the combined energy
of the emi�ed photon and the excited phonon

�1 − �0 = aℏΩ8 + ℏl0 . (2.39)

If the transition is energetically allowed, its actual rate is proportional to the squared
transition dipole moment given in eq. (2.4). �e dipole operator p̂ can be wri�en in terms
of the charges −4 and locations r̂: of the electrons as well as the charges +4/; and locations
X̂; of the nuclei associated with the la�ice motion:

p = p̂4 + p̂# = −4
∑
:

r̂: + 4
∑
;

/; X̂; (2.40)

Plugging this into the transition dipole moment and applying the Born Oppenheimer ap-
proximation yields:

-8 5 =
〈
Ψ′4Ψ

′
#

�� p̂4 + p̂# |Ψ4Ψ# 〉
=

∫
Ψ′∗4 Ψ′∗# p̂4Ψ4Ψ# d3r +

∫
Ψ′∗4 Ψ′∗# p̂#Ψ4Ψ# d3r

=

∫
Ψ′∗4 p̂4Ψ4 d3r︸             ︷︷             ︸

electron transition
dipole monment

∫
Ψ′∗# Ψ# d3r︸           ︷︷           ︸

Franck Condon
factor

+
∫

Ψ′∗4 Ψ4 d3r︸          ︷︷          ︸
=0

∫
Ψ′∗# p̂#Ψ# d3r

(2.41)

Here, the �nal states are marked with an apostrophe Ψ′
4,#

. Two results become apparent:
First, the second term of the sum vanishes since the electronic �nal state is orthogonal to
the electronic initial state. Second, the remaining term is just the transition dipole moment
of the electrons without the nuclei multiplied by the overlap integral of the nuclei wave
functions. �is overlap integral is commonly referred to as the Franck Condon factor and
is the reason why the same electronic transition has varying rates and thereby intensities
when di�erent phonon levels are involved.

2.2.2. Zero-Phonon Line and Phonon Sideband

A direct transition from the high energy zero-phonon state to the low energy zero-phonon
state contributes to the zero-phonon line of the emi�er’s spectrum. Although this might
not be the most likely transition for a particular normal la�ice mode due to its possible
small wave function overlap, the zero-phonon transition has the same energy for all normal
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Figure 2.6. Spectral composition of the zero-phonon line and the phonon sideband. �e two top
plots show the two phonon modes and he lower plot shows the sum of those. Within
each phonon mode, the peaks are equally spaced. �e zero-phonon line has the same
position for all modes and sums up to a signi�cant feature in the resulting overall
spectrum. Contrary to what the Dirac delta function in Fermi’s golden rule suggests,
the optical transition lines have a certain width and line shape. �e origin of this line
broadening will be explained in section 2.2.3.
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la�ice modes and thereby o�en adds up to a very pronounced feature in the total spectrum.
Figure 2.6 illustrates this for a system with two la�ice modes.

With the previously made approximations, the spacing between the peaks within each
la�ice modes is constant. Also, the absorption and the emission spectra are equally shaped
but mirrored on the energy axis at the zero-phonon line. Emissions that involve phonons
contribute to the phonon sideband of the spectrum. �e ratio between the zero-phonon
line and the phonon sideband emission is commonly termed the Debye-Waller factor. �is
factor is extremely relevant for quantum optical experiments, which rely on the indistin-
guishability of photons. Such experiments need the main �uorescence in a spectrally nar-
row range and are usually carried out with light exclusively from the zero-phonon line,
requiring emi�ers with a Debye-Waller factor close to one.

2.2.3. Spectral Line Broadening

Contrary to what the Dirac delta function in Fermi’s golden rule (eq. (2.1)) implies, optical
transitions are not strictly monochromatic, but have an inherent spectral width and shape.
In the following, di�erent broadening mechanisms that are relevant to emission lines of
quantum emi�ers in solids will be discussed in detail.

�e lower limit of an emission line width is constituted by the time-energy relation:

Δ�ΔC ≥ ℏ

2 (2.42)

it is apparent that spontaneous electronic transitions yield spectral features with a mini-
mum energy uncertainty due to their �nite lifetime g . A more quantitative expression for
the time-energy relation in emission processes can be derived via a Fourier transform of
the excited state decay. �e result is a Lorentzian intensity distribution for the emission
line[25, 39]:

!(l ;l0, W) = W/(2π)
(l − l0)2 + (W/2)2

(2.43)

with W being the full width at half maximum (FWHM) of the distribution, centered at the
angular frequency of the emi�ed photon l0. Spectral lines that ful�ll the criteria

W = W= =
1
g

(2.44)

are called Fourier or lifetime limited and W= is o�en referred to as the natural linewidth.
Evidently, for longer lifetimes, the natural linewidth becomes more narrow and ultimately
approaches the Dirac delta function in the theoretical limit of in�nitely long lifetimes. �e
transition linewidth is more commonly given in units of Hertz, a conversion from the
angular frequency is simply calculated via

5= =
W=

2π =
1

2πg . (2.45)
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If the radiative transition occurs between two excited states |8〉 and | 9〉 rather than an
excited and a ground state, both excited state lifetimes contribute to the linewidth as

5 ∗= =
1

2π

(
1
g8
+ 1
g 9

)
. (2.46)

While the resulting linewidth is technically still the result of the same lifetime e�ects, in lit-
erature the terms Fourier limit, lifetime limit or natural linewidth are typically reserved for
radiative transitions between excited and ground state of a photophysical system. Never-
theless, it now becomes evident that whenever phonon states are involved in the emission
process, the resulting spectral lines are much wider than pure electronic states due to fact
that phonon lifetimes are typically in the picosecond range. �is e�ect is well observed
in the emission spectrum of solid-state emi�ers and is the main reason why experiments
relying on the indistinguishability of photons are generally performed solely on their zero-
phonon line.

However, the observed zero-phonon lines in solid-state emi�ers are typically much
wider than the Fourier limit and also do not necessarily show a Lorentzian intensity pro�le
that is expected for lifetime broadening mechanisms. �is can be a�ributed to two main
processes:

Electron-Phonon Coupling: Earlier in section 2.2.1, the electronic and phononic parts
of the wave function were treated completely separate based on the Born Oppenheimer ap-
proximation. Although this approximation was useful to explain the general positions and
intensities of a solid-state emi�er’s spectral features, any e�ects on the electronic states
caused by the movement of the nuclei and the la�ice structure were neglected. On closer
inspection, the presence of phonons introduces small �uctuations of the charge distribu-
tion in the vicinity of the emi�er and thereby causes slight dynamic shi�s of the elec-
tronic transition energies. �e nature of these �uctuations is stochastic, on the timescale
of the phonon lifetimes and gets more pronounced for increased temperatures and thus
the amount of phonons in the system. In the frequency domain, the energy �uctuations
e�ectively cause a dephasing of the emi�ed photon wave packets, which is termed the
pure dephasing time ) ∗2 . Due to this electron-phonon coupling, the Lorentzian intensity
pro�le in eq. (2.43) is further broadened homogeneously and its full width at half maximum
(FWHM) 5! adds up to

5! =
1

2π)1
+ 1
π) ∗2

> 5= . (2.47)

Here, the emi�er lifetime previously associated with g is now wri�en as )1 to match the
nomenclature of common literature on broadening mechanisms. For temperatures ap-
proaching absolute zero, the phonons freeze out,) ∗2 goes to in�nity and the homogeneous
broadening approaches its lifetime limited value.

Spectral Di�usion: Sudden changes in the local electric environment of the emi�er can
cause jumps of the central emission frequency due to the Stark e�ect. In solid-state emi�ers
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those local changes are typically a�ributed to trapped charges and ionized impurities in
the vicinity of the emi�er[40]. Depending on the distance, occurrence rate and magnitude
of these perturbations, the observed energy shi� and time scales of the jumps can reach
from hundreds of gigahertz and seconds to sub-gigahertz and nanoseconds. In the la�er
case, individual jumps are not resolvable with a conventional grid-based spectrometer and
accumulate to an inhomogeneously broadened line during the acquisition as shown in
Figure 2.7a. �e resulting broadening follows a Gaussian intensity distribution:

� (l ;l0, f) = 1√
2πf2

e
(l−l0 )2

2f2 (2.48)

Here, f is the standard deviation of the distribution and translates to a Gaussian FWHM
according to

5� = 2
√

2 ln 2 · f . (2.49)
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Figure 2.7. Spectral line-broadening mechanisms: (a) Many random but discrete spectral jumps
around a central frequency add up to an inhomogeneously broadened line that ap-
proaches a Gaussian distribution. �e graph shows a simulation for 200 random jumps.
(b) Comparison between the di�erent line pro�les. Each distribution is normalized
so that its total area integrates to one. For the Lorentzian and the Gaussian pro�les,
the FWHM was chosen to be 2.5. �e Voigt pro�le is a convolution of the plo�ed
Lorentzian and Gaussian pro�les.

Single photon emi�ers in solids are generally e�ected by all of the mentioned broaden-
ing mechanisms to di�erent extents. �us, their spectral line shapes are convolutions of
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Lorentzian and Gaussian distributions

+ (l ;l0, f,W) =
∫ ∞

−∞
� (l ′;l0, f)!(l − l ′;l0, W) dl ′ . (2.50)

Figure 2.7b shows a comparison of the three line pro�les introduced in this subsection.
Analyzing the spectral line shape can give information on the underling broadening mech-
anisms. In chapter 4, temperature-dependent measurements of the spectral properties for
a speci�c quantum emi�er will be performed and investigated with respect to the low tem-
perature limits. Having a narrow spectral width is one key requirement for single-photon
emi�ers in future quantum applications.

2.3. Current Examples of Solid-State Single-Photon Sources

Fluorescent emi�ers in solids are propitious candidates for a myriad of applications in
emerging quantum technologies, including quantum metrology[41], communication[42,
43] and information processing[44] as well as for various nano technologies like biologi-
cal[45] and super-resolution imaging[46]. Given the vast range of potential and existing
applications, a great interest by the scienti�c community is evident. While searching for
an ideal emi�er, many systems in di�erent host materials have been investigated thor-
oughly[11, 47–51]. Table 2.1 gives an overview about some of the most relevant emit-
ters and displays their key optical properties. Each of these emi�ers has its own speci�c
strengths and weaknesses: Dye molecules, for instance, can exhibit great brightness while
also having lifetime-limited emission lines — a main requirement for quantum information
processing. But the lines only become Fourier-limited below liquid helium temperatures
that are hard to reach and they tend to lack stability as they photobleach a�er a certain
number of photocycles[52]. Epitaxially grown quantum dots on the other hand are sta-
ble, their manufacturing process is well advanced and allows for the integration into func-
tional semiconductor structures like micro-pillar cavities that strongly enhance the emis-
sion properties[53, 54]. But they also need to be cooled down to cryogenic temperatures to
operate at all — although only to temperatures of 4 K to 10 K, which is achievable in simple
helium �ow or closed-cycle cryostats. However, the cooling still disquali�es them, e.g. for
being used as sensors in living cells; an application where defect centers in nano crystals
are promising[55]. So it seems like there will be no “one size �ts all” quantum emi�er and
one has to pick the right one from the vast emi�er zoo for the desired application.

In this thesis, the two particular emi�ers are used: the negatively charged nitrogen va-
cancy (NV) centers in (nano) diamond and novel point defects in hexagonal boron nitride
(hBN). Both are introduced in detail in the next two sections 2.3.1 and 2.3.2. In a labora-
tory environment, the former o�en takes the role of a well-understood reference system
that “just works”. Having both emi�ers provided in host particles with dimensions of few
hundreds to tens of nanometers in aqueous solution further allows for very similar sample
preparation and makes the general handling comparable, while the overlapping spectral
excitation and emission pro�les allowed for se�ing up a base experiment with NV centers
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Table 2.1. Comparison of photo-physical properties of selected solid-state single-photon emi�ers.
�e values are for bare emi�ers measured with typical high-e�ciency microscopes.

Type System Max. count rate Lifetime Fourier limited Reference
/ Host in counts/s in ns ZPL at temps.

Color centers NV: ∼ 3 × 106 12 − 22 <8 K∗ [40, 56, 57]
in diamond SiV: ∼ 1 × 106 ∼ 1 ∼4 K [58–60]

Defects in SiC: ∼ 2 × 106 1 − 4 Not limited [61–63]
other semi ZnO: ∼ 1 × 105 1 − 4 Not limited [64]
conductor hosts hBN: ∼ 6 × 106 2 − 7 up to 300 K† [65–68]

Rare earth ions YAG: ∼ 6 × 104 19 No data [69, 70]

Dye molecules DBT‡: ∼ 1 × 105 ∼ 5 ∼1 K [71]
in polymers Terrylene‡: ∼ 8 × 105 ∼ 3.5 No data [72]

�antum dots colloidal: ∼ 1 × 106 > 20 Not limited [73, 74]
epitaxial: ∼ 9 × 106+ 0.1 − 10 ∼ <100 K [54, 75]

∗Bulk emi�ers show Fourier-limited lines. Defects in nano crystals typically su�er from spectral di�usion.
†Resonant excitation experiments indicate Fourier limited lines at room temperature. �e o�-resonant
excitation performed in this thesis clearly shows spectral broadening even at cryogenic temperatures.
‡Di�erent host matrices are possible. �e displayed values are for an anthracene matrix.
+Retrieved from a micropillar structure that was grown with the emi�er.

and switch to hBN emi�ers as a drop-in replacement for �nal measurements. �is inter-
changeability was a valuable asset for the experiments performed in this thesis, since it
enabled to quickly generate reliable results by building on established work �ows, proce-
dures and experimental equipment.

2.3.1. Nitrogen Vacancy Centers in Diamond

�e negatively charged NV center in diamond is probably the most actively researched
point defect in condensed ma�er. Diamond as a host provides a very stable environment
with a wide bandgap of 5.5 eV[56]. Within this bandgap many optically active defect sys-
tems can be found[49]. �e NV center consists of a carbon vacancy next to a nitrogen
defect (see �g. 2.8b). �e negatively charged version of the NV center (from hereon simply
referred to as NV center as the neutral NV center will not be treated in this work) has an
additional trapped electron and shows some interesting spin coherence properties and an
electronic level scheme that allow to optically initialize, manipulate and read out the spin
state. Techniques like optically detected magnetic resonance (ODMR) spectroscopy[76, 77]
harness these properties to measure magnetic �elds on the nano scale or store quantum
information in the spin state.

�e photoluminescence spectrum of an NV center has a weak ZPL at 637 nm with a
broad phonon sideband extending from 637 to 800 nm (see �g. 2.8a). It is still visible at
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Figure 2.8. Fluorescence spectra and atomic structure of the NV centers in diamond at room tem-
perature. (a) �e zero-phonon line (ZPL) accounts for roughly 2 % to 4 % of the spec-
trum, while the main emission is in the phonon sideband. LP marks the �lter edge
of the 620 nm long pass �lter used to �lter out the o�-resonant excitation laser. (b)
Atomic structure of the NV center in the diamond la�ice.

room temperature thanks to the sti�ness of the diamond la�ice, although the ZPL is less
pronounced and broader than it is at cryogenic temperatures. �e lifetime of the NV center
is around 12 ns in bulk diamond. Proximity to surfaces degrades the spectral properties of
the NV center and increases this lifetime as the optical mode density that is perceived by
the center is e�ectively reduced. �is is particularly problematic for evanescent coupling
to waveguides or when using diamond nano crystals, which also show signi�cant spectral
di�usion[40]. However, spectacular results like the entanglement of two remote electron
spins have been achieved with NV centers in bulk diamond[78].

2.3.2. Point Defects in Hexagonal Boron Nitride

La�erly, a new family of single-photon emi�ers has emerged in hexagonal boron nitride
(hBN)[68, 79–83]. Boron nitride is a compound of boron and nitrogen and exists — much
like carbon — in various crystalline forms. �e hexagonal variant has a layered structure
equivalent to the one of graphite that is commonly referred to as van der Waals crystal.
Figure 2.9 shows a schematic view of this structure in detail. �e boron and nitrogen atoms
within each layer are bound by strong covalent bonds, while the layers are held together
by van der Waals forces that lend the structure its name. �in �lms and even monolayers
of hBN are commonly produced by chemical vapor deposition from boron trichloride and
nitrogen precursors. �e �lms can then either be exfoliated via a solution-based method
that results in small �akes (50 nm to 200 nm) or via a polymer-based transfer technique
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that yields �akes with up to multiple micrometer size. Flakes in both variants are also
commercially available[84].

Boron

Nitrogen

Figure 2.9. Atomic structure of hBN. �e hexagonal variant of boron nitride forms layered van
der Waals crystals. �e dashed line marks a single unit cell of the crystal.

In its hexagonal form BN is a wide-bandgap material (ca. 5 eV) and can host �uores-
cent defect centers that can be triggered via sub-bandgap excitation[68]. At room temper-
ature, these emi�ers exhibit remarkable properties including high brightness, polarized
light emission and short excited state lifetime, potentially making them suitable for many
quantum applications. �e majority of photons are emi�ed into the ZPL, although the ZPL
wavelength can vary from emi�er to emi�er (see �g. 2.10a). Moreover, given that the emit-
ters are embedded in a monolayer, total internal re�ection — a major obstacle for color
centers in diamond — can be avoided completely and the light extraction e�ciency can be
very high. �e two-dimensional nature of the host further facilitates evanescent coupling
to photonic waveguides or plasmonic structures, as a good mode overlap is typically easier
to achieve if the emi�er can be brought into close proximity. Also, incorporation of few or
single hBN layers into optical cavities can be straightforward[85].

In summary, hBN emi�ers are promising candidates for quantum technologies. How-
ever, to this date, the exact origin and atomic structure of the emi�ers is still under de-
bate[80, 86]. Rigorous modeling along with suitable experiments — like the ones in this
thesis — to further investigate the photophysical properties of the defects need to be carried
out to reveal the electronic and crystallographic structure of the emi�ers.
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Figure 2.10. Fluorescence spectra and atomic structure of hBN. (a) While the main emission of
single hBN emi�ers is concentrated in the zero-phonon line, the position of the line
can vary a lot. (b) �e atomic structure of the defect is still unknown.





3. Working with Single-Photon Emi�ers

A quick look at the energies involved in experiments on the single-photon level already
indicates that performing quantum optical measurements is a very demanding task. �e
energy carried by one photon in the visible wavelength range is on the order of 10−19 J.
Comparing this value to the intensity of the sun on an average cloudy day in Berlin ≈
500 J m−2 s−1[87] on the one hand and the typical thermal energy :�) ≈ 4 × 10−21 J at
room temperature on the other hand, further illustrates why detecting and isolating such
a minuscule signal in a noisy environment is challenging. �e diagram in �g. 3.1 shows typ-
ical noise contributions and losses that occur in a single-photon measurement. It becomes
evident that for maximizing the signal to noise ratio, such experiments are usually set in a
dark environment, shielded from ambient light and employ measurement techniques with
high photon collection e�ciencies, very sensitive detectors and spatial as well as spectral
�ltering mechanisms. In section 3.1, the confocal microscope will be presented as a suitable
tool that ful�lls these requirements.

SampleSingle
emi�er

Fluorescent
background

Ambient
light

Sca�ered
excitation

light

Objective
lens

Not
collected

Optical path

Stray
light

Optical
losses

Detector

Dark
counts

Not
detected

Measured
signal

Figure 3.1. Flow diagram of potential sources for losses and noise at di�erent stages of typical
single-photon experiments. �e saturation of the red color indicates the signal quality.
Minimizing the losses and noise contributions is a main prerequisite for successful
single-photon experiments.

Even when the technical challenges to collect, isolate and detect single photons are met,
the recording and evaluation of single-photon stream data is highly non-trivial. For a thor-
ough analysis, each individual detection event needs to tagged with a time stamp. A high-
�ux photon stream can easily yield millions of detections per second, which requires special
time tagger hardware to record all of them on the �y. �e resulting raw data stream can
exceed multiple megabytes per second, which add up to �le sizes of to several gigabytes
over the course of a measurement. �us, high throughput data recording and performant
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data analysis algorithms are needed for a meaningful evaluation of the experiment. How-
ever, taking a close look into the photon stream’s time statistics is rewarding since it gives
insight into the photodynamics of the light source. For example, the emission rate of a
single emi�er with a radiative transition from the excited state |4〉 to the ground state |6〉
calculates as the product of the excited state occupation and the spontaneous emission rate
from the excited state to the ground state:

'46 (C) = :46 · =4 (C) (3.1)

�us, the �uorescence response has a direct relation to the models derived in section 2.1.
One goal of this chapter is therefore to introduce measurement schemes that can be carried
out with optical microscopy setups and link the observed photon statistics to predictions
for speci�c photophysical systems. �is is especially relevant for the characterization of
novel quantum emi�ers, e.g. defects in hBN, where the exact defect structure and dynamics
is still unknown.

3.1. Confocal Microscopy

In the context of this thesis, confocal microscopes are at the very core of every experiment.
During the experimental work conducted in the context of this thesis, several systems were
built, which allowed to resolve objects close to and even beyond the optical resolution limit.
Figure 3.2 shows the basic layout and working principle of a confocal microscope setup.

Laser

FC

DM

Objective

Sample

PH

Detector

b

Figure 3.2. Working principle of a confocal microscopy setup. �e excitation laser light is colli-
mated by the �ber collimator (FC) and guided to the dichroic mirror (DM) where it is
overlayed with the detection light path and focused onto the sample via the objective
lens. �e �uorescence is collected with the same objective lens, but is transmi�ed at
the beam spli�er on the way to the detector. Light from outside the focal point (gray)
is blocked by the pinhole (PH) and thus does not reach the detector.
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In contrast to a conventional optical microscope that mainly employs the magni�cation
capabilities of the lens system to create a wide �eld image of a homogeneously lit sam-
ple, a confocal microscope also uses the focusing capabilities of the objective lens to only
illuminate one spot of the investigated sample. �is is accomplished by overlaying the
illumination and detection paths in front of the objective lens[88]. In �g. 3.2, this is real-
ized by using a dichroic mirror, which only re�ects the green excitation laser. �e laser
is focused onto the sample where it excites �uorescent emi�ers within the focal volume.
�eir �uorescence is then collected by the objective lens and takes the reversed path of the
excitation laser up to the dichroic mirror where it is now transmi�ed instead of re�ected.
From there, it is guided to a detector. In such a con�guration, any backsca�ered or re-
�ected excitation light is already separated from the detection path via the dichroic mirror.
If this suppression is not su�cient, additional �lters can easily be added to the detection
path a�er the dichroic mirror. A separation based on wavelenghts is very convenient for
investigating �uorescent emi�ers that can be excited o�-resonantly or have a pronounced
phonon sideband. When spectral �ltering is not possible, e.g. for resonant excitation ex-
periments, schemes based on polarization �ltering are commonly used. To prevent any
unwanted background signal from adjacent emi�ers to reach the detector, an additional
image plane is created in the detection path where a pinhole with the diameter adjusted to
the so-called point spread function of the microscope (discussed in section 3.1.1) is used to
block all the light from outside the focal spot. In setups with �ber-coupled detectors, the
�ber core itself o�en takes on the role of the pinhole.
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Figure 3.3. Beam scanning produces intensity maps. (a) Working principle of 45 -beam scanning:
�e tilt angle introduced to the beam path by the scanning mirror (SM) is translated to
the back-focal plane of the objective lens via two lenses in 45 -con�guration (5 being
one focal width). �e objective lens then converts these angular changes into posi-
tional changes in the sample image plane. (b) Resulting scanning image of a typical
10 µm × 10 µm hBN sample area (white bar is 2 µm). Individual emi�ers show up as
bright spots in the �uorescence map. Note that the intensity scale is logarithmic so
that darker emi�ers and the background �uorescence also become visible. �e red
circle marks the emi�er investigated in chapter 4.
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Since a confocal microscope excites and collects �uorescence solely within the focal
volume of the objective lens, either the sample or the focal volume needs to be scanned to
produce an image. For sample scanning, piezoelectric stages with nanometer resolution are
typically used, while beam scanning is usually achieved with galvanic scanning mirrors in
45 -con�guration (see �g. 3.3) and an additional z-piezo stage. Full positional control over
the investigated spot thus provides both: a way to easily map and identify �uorescent
centers as well as to address and track individual emi�ers to use them as light sources for
further experiments.

3.1.1. Optical Resolution

�e optical resolution of a microscope is de�ned as the minimum distance between two
points on a specimen that can still be distinguished by the observer. It is closely related to
the point spread function (PSF) of an optical system that gives the intensity response of the
system to a single-point emi�er in the focal plane. Several standards can be used to quantify
if two points are distinguishable or not. �e most common criterion — which will also be
used throughout this thesis — is the Rayleigh criterion. It states that two equally bright
emi�ers are distinguishable as long as the intensity maximum of one point coincidences
with the �rst intensity minimum of the other. For an ideal wide-�eld microscope, with
an homogeneously lit sample, the PSF along the image plane takes the form of an Airy
disk[89]:

�PSF(A ) ∝
(
2�1(A )
A

)2
, (3.2)

where �1 is the �rst order Bessel function and A is a coordinate in the image plane. For the
de�nition of the lateral resolution, this leads to a value of

ΔA ≈ 0.61 _

#�
, (3.3)

where _ is the wavelength of the emission and #� is the numerical aperture of the objec-
tive lens[89]. As mentioned in section 3.1, in a confocal microscope only one spot of the
sample plane is illuminated. In the case that the local intensity of the excitation spot is
also described by an Airy disk, the total PSF is the result of a multiplication of two Airy
discs, one for the excitation and one for the detection. If the excitation and detection wave-
lengths are similar, so that e.g. chromatic aberration di�erences can be neglected, this does
not increase the resolution as de�ned by the Rayleigh criterion, since squaring the Airy
function leaves the position of its minima unchanged. However, the slope of the resulting
PSF is steeper and the side-lobes are suppressed signi�cantly which greatly increases the
signal to noise ratio in comparison to a wide �eld microscope. �is is especially relevant
when addressing single-photon emi�ers against an otherwise dominant noise background
like in this thesis.
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3.1.2. Steady-State Fluorescence Measurements

As shown in section 2.1.4, under continuous o�-resonant excitation the photo-physical
processes of a single emi�er quickly reach a steady state. Using eq. (3.1), this translates to
a steady-state emission rate of

'ss
46 = :46 · =ss

4 . (3.4)

In section 2.1, the steady excited-state occupation probability =ss
4 was derived for various

level-schemes as a function of the transition rates. In a confocal scanning microscope,
lasers with stable but variable output power are typically used to provide �ne control over
the excitation rate :64 from the ground to the excited state. From eqs. (2.1) and (2.3), it is
evident that in the regime of weak perturbation and o�-resonant excitation, :64 is directly
proportional to the local intensity of the laser �eld:

:64 = U� � (3.5)

with the proportionality constant U� that states how e�cient the laser can drive the given
transition. 'ss

46 can thus be expressed as a function of the laser intensity. With rising in-
tensity, the emission rate saturates as the excitation laser depletes the ground state. By
introducing the maximum emission rate '∞46 and the saturation intensity � sat with

'∞46 = lim
�→∞

'ss
46 (� ) and 'ss

46 (� sat) = 1
2'
∞
46 , (3.6)

eq. (3.4) can be wri�en as

'ss
46 (� ) =

'∞46�

� sat + � . (3.7)

Notably, the resulting expression is independent on the proportionality constant U� and is
fully determined by the rates that de�ne the photophysical transitions.

Unfortunately, the absolute value of emission rate can not be determined directly when
using an optical microscope setup. As illustrated in �g. 3.1 a large fraction of the photons
are lost on the way to the detector and do not trigger a detection event. Further, di�erent
sources of noise contribute to the measured signal. Some of these contributions like am-
bient light sources add a constant noise background, while others like the back-sca�ered
excitation laser, or �uorescence excited in the emi�er’s host matrix are linearly dependent
on the laser intensity. �e rate of photons that arrive at the detector 'Photon can thus be
modeled as:

'Photon(� ) = [ ·
'∞46�

� sat + � + Ubg · � + 'const (3.8)

Here, the e�ciency factor [ accounts for the lost photons, Ubg links the excitation intensity
to the linearly dependent background contributions and 'const is a constant background
count rate. Figure 3.4a shows the typical saturation behavior of a single emi�er and the
in�uence of the background. �is curve can easily be measured in a confocal microscopy
setup by focusing on the emi�er and ramping up the laser power % while measuring �uores-
cence signal. When conducting a noise sensitive experiment, the background �uorescence
e�ectively constrains the excitation intensity as illustrated in Figure 3.4b.
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Figure 3.4. Fluorescence response at increasing excitation intensity for di�erent scenarios. (a) Sat-
uration behavior according to eq. (3.8): �e green curve is the sum of single emi�er
�uorescence signal (blue) and the linear background emission (orange) with a back-
ground factor of Ubg = 10 %. Constant background contributions were neglected as
they simply o�set the~-axis. (b) Signal to noise ratio for di�erent constant background
rates at and Ubg = 10 %.
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3.1.3. Single-Photon Detectors

If paired with su�ciently sensitive detectors, a well-aligned confocal microscope with an
objective lens with large numerical aperture reaches the necessary collection e�ciency and
background suppression to perform single-photon experiments. Avalanche type detectors
with high quantum e�ciency are generally used for this task as they are able to convert
the energy of a single photon into an ampli�ed electronic pulse that is counted by special
counting electronics.
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Figure 3.5. Saturation of avalanche photodiodes due to their intrinsic deadtime. (a) With an in-
creasing photon rate, the chance to have a photon arriving within the APD’s deadtime
also increases. �is leads to a saturation behavior of the measured count rate. (b) If the
APD’s deadtime is known, the count rate can be multiplied with the correction factor
to retrieve the original photon rate according to eq. (3.10). For a count rate of 1 MHz
and a deadtime of 50 ns, almost 5 % of the photons are lost.

While early experiments used photomultiplier tubes as detectors to count single photons,
advancements in semiconductor technology made it possible to replace the bulky tubes
with solid-state diodes. �ese photodiodes are operated in a so-called Geiger mode, at a
voltage slightly above the breakdown threshold. In this mode, a single electron-hole pair,
generated by the absorption of a photon, can trigger a whole charge carrier avalanche. Pho-
todiodes operated in such a way are therefore o�en referred to as avalanche photodiodes
(APDs) or single-photon avalanche diodes (SPADs). �e electrical circuitry of such a device
has to be carefully designed in a way that: A) the voltage drop caused by the avalanche
current is enough to reduce the APD voltage below the breakdown limit and B) this volt-
age drop is maintained for a �xed deadtime gdead, until the counting electronics and the
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recharge circuit are ready to process the next avalanche[90]. During the deadtime, which
is around 50 ns for the diodes used in this thesis, the APD is blind for incoming photons.
�is leads to a saturation behavior of the detector for high photon rates. As the impinging
photon stream shows a predominantly Poissonian photon statistics (see section 1.2), the
detected count rate 'count saturates according to

'count =
'photon

1 + gdead'photon
. (3.9)

Figure 3.5a shows the corresponding saturation curve for di�erent deadtimes. When mea-
suring the APD count rate, the photon rate can be retrieved by multiplying 'count with the
correction factor:

'photon =
1

1 − 'countgdead
· 'count . (3.10)

Today’s APDs have a compact form factor, reach peak e�ciencies of up to [q = 90 %
in the visible to near infra-red spectral range and provide detection time resolutions of a
few hundreds of picoseconds[91]. �ey are suitable to perform steady-state �uorescence
measurements as discussed in section 3.1.2 and, if paired with time-tagging electronics,
they can be used for time-correlated single-photon measurements that will be introduced
in section 3.2.

3.2. Time-Correlated Single-Photon Counting

In the previous section, the requirements to isolate and measure the signal of an individual
single-photon emi�er were discussed. To do so, continuous excitation was assumed and
the emi�ed photon rate 'photon and detected count rate 'count were linked to the steady-
state solutions of the rate equations laid out in section 2.1. �is was su�cient to derive
predictions for the expected signal and signal-to-noise ratio of a continuous measurement,
but excluded dynamical aspects of the photophysics.

Here, methods to investigate the full photodynamics of an emi�er will be presented via
a thorough analysis of the temporal statistics of individual detection events. �ese type
of experiments are o�en termed time-correlated single-photon counting (TCSPC) experi-
ments[92]. �e key idea of TCSPC is to evaluate the arrival times of individual photons
with respect to a reference signal. �is reference can, for example, be the synchroniza-
tion output of a pulsed excitation laser in the case of a �uorescence decay measurement
(section 3.2.1) or even another detection event in the case of a second-order correlation
measurement (section 3.2.2). In both cases, a detection of the reference signal provides
information on the current state of the investigated emi�er that can be used as starting
conditions for the time evolution of the rate equations developed in section 2.1. As the
probability to detect a photon stemming from a transition between two states |8〉 and | 9〉 is
directly proportional to the time-dependent occupation probability =8 (C) of the initial state
|8〉, the arrival time statistics of the recorded photon stream can be used to reconstruct the
progression of the state occupations.
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3.2.1. Fluorescence Lifetime Measurements

A �uorescence lifetime measurement is the most simple and probably most commonly used
form of a TCSPC experiment. In such a measurement, a short and intense pulsed laser re-
peatedly promotes the investigated system into the excited state at a �xed repetition rate.
A�er a pulse, the excited state occupation and with it the probability to emit a photon
decays according to eq. (2.6). �e time dependency of the decay curve can thus be recon-
structed by measuring the delays between the pulse and the detected photon for each exci-
tation cycle to build a histogram of the measurements as shown in �g. 3.6. �is scheme is
o�en termed start-stop measurement since the laser pulse starts an internal hardware timer
that is stopped by the detection of a photon to determine the delay. If no photon is detected
in one cycle, the timer is reset to zero at the next laser trigger pulse. �e time-correlation is
then just a rather trivial histogram of the start-stop delays and can be typically evaluated
in real time during a measurement.
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Figure 3.6. Simulation of a pulsed �uorescence measurement at a repetition rate of 50 MHz with
a detected average count rate of 25 × 106 counts/s. (a) Continuous pulse sequence,
excited state occupation and detected signal. �e red rectangle marks one excitation
cycle. (b) �e individual excitation cycles are synchronized, e.g. via the trigger pulse
of the excitation laser in order to extract the relative time delay of the detected photon
arrivals. A histogram of the relative arrivals approaches the excited state decay curve.
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3.2.2. Second-Order Coherence Measurements

In the start-stop technique described above, the detection events are evaluated on the �y.
Once an event is processed, the information associated with it is typically no longer needed
and discarded. However, by recording and storing the data, more elaborate evaluation
schemes can be performed even a�er a measurement is complete. One example is the
calculation of the second-order coherence function as introduced in section 1.2.2. Since
a full correlation of all arrival times that is required by the de�nition of the coherence
function can only be done a�er the measurement is completed, all absolute photon arrival
times have to be considered for a meaningful evaluation.

To calculate the second-order coherence function for a photon data stream, one starts
with the classical unnormalized 6 (2) function, which is the nominator of eq. (1.49) and
typically wri�en with a capital � :

� (2) (g) = 〈� (C)� (C + g)〉 = 1
)

∫ )

0
� (C)� (C + g) dC (3.11)

�e recorded time tag data has discrete character: Time is represented as an integer multi-
ple of the resolution AC and intensity is given as the number of photons # counted in one
time step. �e discretized form of the second-order correlation thus reads as:

� (2) (g) =
)∑
C=0

# (C) · # (C + g) (3.12)

With ideal detectors # (C) and # (C + g) could be measured directly. Real photon-counting
detectors however have their limitations. A�er the detection of a photon, they need to
recharge for a short period of time — the deadtime as discussed in section 3.1.3 — during
which they are blind for incoming photons. �is directly a�ects the second-order correla-
tion as:

� (2) (g < gdead) = 0 , since # (C + g) = 0 for g < gdead . (3.13)

With gdead being on the order of tens of nanoseconds for current APDs, it is comparable
to typical time scales of the photodynamics observed in single-photon sources. At �rst
sight, this technical constraint seems to render second-order correlation measurements
unsuitable as a tool to investigate a single emi�er’s bunching and antibunching behavior
or evaluate the single-photon purity 6 (2) (0). However, in 1957 Hanbury Brown and Twiss
proposed[93] a practical way to mitigate the e�ect of the blind periods of the detector by
spli�ing the detection beam and using two detectors — one for the transmi�ed beam, the
other for the re�ected beam as shown in �g. 3.7. Instead of performing an autocorrelation
and correlate the single detector signal with itself at later times, the usage of two detectors
enables for a cross-correlation of both detector signals:

�
(2)
12 (g) =

)∑
C=0

#1(C) · #2(C + g) (3.14)
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50/50 BS APD1

APD2

Correlator

Figure 3.7. Hanbury Brown and Twiss interferometer: �e incoming photon stream is divided by
a 50/50 beam spli�er (BS), detected by two APDs and recorded at di�erent inputs of
the correlator hardware.

�is cross-correlation can be interpreted as counting coincidences of detection events on
both detectors, which generally is more robust against deadtime artifacts.

Finally, the discretized second-order cross-correlation-function can be normalized ac-
cording to eq. (1.47). For a TCSPC measurement, this means[92]:

6
(2)
12 (g) = � (2)12 (g) ·

=)

#1#2
(3.15)

with =) being the total number of time intervals, #1/2 the total number of photons mea-
sured with detector 1 and 2 respectively.

�e correct evaluation of eq. (3.15) is computationally demanding as for every delay g
the whole data set has to be correlated. �us, in the past, a 6 (2) measurement was o�en
approximated by a simple start-stop measurement analog to section 3.2.1, but with an APD
instead of a laser synchronization output connected to the correlator’s start channel input.
In the limit of low count rates and an insigni�cant probability to detect multiple photons
on the stop channel within the correlation window, the resulting waiting time distribu-
tion su�ciently approximates the 6 (2) -function. However, due to the advancements in
emi�er brightness and collection e�ciencies, the errors that arise from neglecting photon
events a�er the �rst stop-pulse become relevant and require more complex renormaliza-
tion schemes[94] to mitigate their e�ect. Figure 3.8 shows the di�erence between a full
6 (2) correlation and waiting time distribution for the same set of measurement data.

When observing the ultra-long bunching dynamics up to several milliseconds that oc-
cur in some of the hBN emi�ers in this thesis, it becomes necessary to perform a correct
second-order correlation. Unfortunately, at the time of writing this thesis, so�ware to eval-
uate such data was sparse and the available commercial packages were not optimized or
could simply not process the required time resolutions down to tens of picoseconds for
correlation windows up to seconds. One task of this thesis was therefore to develop an
e�cient algorithm and so�ware packages to perform the required full and correct analysis
of the photophysics of such emi�ers. Appendix A.2 shows a stripped-down version of the
implementation that resulted from this e�ort. Table 3.1 compares it to commercially avail-
able so�ware in terms of processing speed and possible resolution and time ranges for a
typical dataset with a size of ∼ 250 MB.
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Figure 3.8. Comparison between a full6 (2) -correlation and a waiting time distribution of the same
single emi�er data set. �e time axis is binned logarithmically to visualize the e�ects
on the di�erent scales. �e exponential decay of the waiting time distribution that is
due to rese�ing the timer at every detection on the start input channel, completely
hides slow photodynamics at long time scales. Further, it is hard to distinguish the
emi�er bunching from the inherent exponential decay of the waiting time distribution
if both happen on similar time scales.

Table 3.1. Processing times of the commercially available correlation so�ware �Coa (version
1.1) from Pico�ant[95] and the developed correlation suite nanooptics[96] for a typi-
cal emi�er correlation. �e self-wri�en so�ware is more than two orders of magnitudes
faster than the commercial correlator and allows for higher resolutions at larger corre-
lation windows. �e results were obtained on the same laptop with a 4-core processor
and 16 GB of memory.

Resolution / ns Window (gmax) / ns �Coa / min:sec nanooptics / min:sec

0.5 100 1:59 0:00.8
5 1000 1:59 0:00.8

10 1000 1:01 0:00.8
1 10000 9:45 0:00.8
5 10000 - 0:01.3
1 10000 - 0:01.3
5 100000 - 0:03.25
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3.2.3. Monte Carlo Simulations

Monte Carlo simulations provide an easy way of simulating problems that have proba-
bilistic interpretations. Even complex issues can o�en be sub-divided into a chain of sim-
ple probabilistic decisions. Repeated random sampling of such decisions yields numerical
results, which approximate the analytic solution of the problem due to the law of large
numbers. In the context of quantum optics, this is especially useful since experimental
components o�en replicate this probabilistic nature: A detector has a certain probability
to detect a photon given by the detectors e�ciency; a 50/50 beam spli�er has a 50 % chance
of transmi�ing a photon; an electronic transition between two states happens due to a cer-
tain transition rate etc. Moreover, in the very heart of every quantum optics experiment lies
a measurement of a quantum state with an outcome that follows a probability distribution.

In the course of this work, Monte Carlo simulations were used as a tool to generate
dummy TCSPC data sets, e.g. to test implementations of the correlation algorithm or probe
the in�uence of an isolated experimental parameter without the e�ort of developing an an-
alytical model beforehand. Today’s computers are perfectly capable of performing those
random sampling tasks in very high volumes. In appendix A.3, an exemplary implementa-
tion of a Monte Carlo simulation of a typical single emi�er characterization is given. Fig-
ure 3.9 shows the result of such a simulation and the accordance with the analytic model
developed in section 2.1.2.
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Figure 3.9. �e second-order correlation of a data set resulting from a Monte Carlo simulation
nicely reproduces the photodynamics of the theoretical curves. Note that the the-
oretical curves are not the result of a �t but a calculation according to eqs. (2.35)
and (2.36) when using the same time constants as in the Monte Carlo simulation
(:64 = 100 MHz, :46 = 50 MHz, :4B = 20 MHz, :B6 = 10 MHz).
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3.2.4. Experimental Limitations and Corrections

A�er having explained how the photodynamical properties of a single-photon emi�er can
be examined in an experiment, the limitations of the technical implementation are now
discussed in detail.

BackgroundNoise can be treated as a time-independent Poissonian a�ribution � to the
intensity statistics of the pure single emi�er � (C) such that the measured intensity �̃ (C) is
de�ned as:

�̃ (C) = � (C) + � (3.16)

Inserting this into the 6 (2) -function as de�ned in eq. (1.49) yields:

6̃ (2) (g) =
〈
�̃ (C)�̃ (C + g)〉〈

�̃ (C)〉2 (3.17)

=
〈(� (C) + �) · (� (C + g) + �)〉

〈� (C) + �〉2 (3.18)

=
〈� (C)� (C + g)〉 + 2 〈� (C)〉 � + �2

〈� (C)〉2 + 2 〈� (C)〉 �2 + �2
(3.19)

Note that entities measured in the experiment are marked with a tilde. Now, the �rst
summand of the nominator can be rewri�en in terms of the 6 (2) -function of the pristine
emi�er:

6̃ (2) (g) = 6 (2) (g) 〈� 〉2 + 2 〈� (C)〉 � + �2

〈� (C)〉2 + 2 〈� (C)〉 �2 + �2
(3.20)

When ��ing a measurement, it is crucial to reduce the number of free parameters in the
model to avoid under-determination. In eq. (3.20) one additional variable can be eliminated
by one of the two following approaches. �e �rst one is using the relation〈

�̃ (C)〉 = 〈� (C)〉 + � . (3.21)

�e measured average intensity
〈
�̃ (C)〉 is a constant that can be retrieved from the original

data set. �us eq. (3.21) can be used to replace either 〈� (C)〉 or � in eq. (3.20) accordingly.
�e second one is expressing background contribution as a fraction of the average intensity
with � = 1 〈� (C)〉. �e la�er approach yields:

6̃ (2) (g) = 6 (2) (g) + 21 + 12

1 + 21 + 12 (3.22)

If not stated otherwise, this function with di�erent models for the 6 (2) -function of the
pristine emi�er will be used throughout this thesis to �t experimental second-order corre-
lation data. �e value at g = 0 that is o�en used as a benchmark for the emi�er purity then
calculates from the background factor 1 as

6̃ (2) (0) = 21 + 12

1 + 21 + 12 . (3.23)
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The Instrument Response Function of a TCSPC system plays an important role when
investigating narrow features in time correlation experiments. Appendix B.2 describes how
the IRF of a second-order correlation experiment can be measured using a pulsed laser. �e
resulting function takes the shape of a Gaussian with the width of 5G =1.855(3) × 10−9 s
for the system used in chapter 4 of this thesis. �e main contributions to this value are
the timing ji�ers of both APDs. �e Gaussian smooths out the acquired measurement and
thus reduces the e�ective resolution. For some single-photon emi�ers 5G approaches the
time scale of the antibunching dip, which leads to an overestimation of the 6 (2) (0) value.
Figure 3.10 shows the e�ect of IRF on an actual measurement on a single hBN emi�er. In
such cases the in�uence of the TCSPC setup has to be included in the �t function. �is can
be achieved via a numerical convolution of the IRF with the original 6 (2) -function of the
emi�er (eq. (3.20)).

Lifetime measurements are generally also a�ected by the instrument’s response. How-
ever, the e�ect is not as severe, since the laser sync pulse that starts the delay timer has
usually much less timing ji�er than an APD. Further, as long as the expected lifetime is
considerably longer than the IRF — which is the case in this thesis — the smoothing e�ect
can be neglected or mitigated by excluding data close to the initial �uorescence peak and
only taking the exponential tail of the lifetime measurement into account. A numerical
convolution is thus not necessary for lifetime measurements of the emi�ers investigated
in this thesis.
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Figure 3.10. In�uence of the IRF on the antibunching dip of single-photon emi�ers. When the
IRF is neglected, the 6 (2) (0) value is overestimated (orange trace) when ��ing the
measurement data (blue). �e ��ing function can be adapted via a numerical convo-
lution of the IRF. �e result approaches the data much be�er (green line). �e red line
is the original 6 (2) -function plo�ed with the parameters taken from the convoluted
�t; it represents the 6 (2) -function that could be measured with an ideal setup with an
in�nitesimally narrow response function.





Part II.

Experimental Work





4. Low-Temperature Spectroscopy of
Single hBN Defects

In this chapter, the optical properties of single emi�ers in hBN are investigated in detail
at cryogenic temperatures to shed light onto the electron-phonon processes and dephas-
ing mechanisms that take place. In particular, the �rst interferometric measurements of
quantum emi�ers in two-dimensional materials are presented. First, a selected emi�er is
cooled down and the change in linewidth and central position is observed. Lifetime and
�rst-order coherence measurements at 5 K are shown to further quantify optical dephasing
mechanisms. Further, the time scale of an apparent spectral di�usion process that causes
the line to be spectrally much broader than the natural linewidth is determined. �e results
of this work have been published in Physical Review B under the title ‘Photodynamics of
quantum emi�ers in hexagonal boron nitride revealed by low-temperature spectroscopy’[97].
�ese measurements have not been done on quantum emi�ers in two-dimensional ma-
terials before and are of a high importance for the understanding of their photophysical,
structural and optical properties.

4.1. Experimental Setup and Preliminary Characterization

�e experiments were conducted with the home-built confocal microscope sketched in
�g. 4.1 that enabled to selectively excite defects in hBN �akes. In the setup, collected pho-
tons were guided through a Michelson interferometer, which allowed for measurements
of the photon coherence time gc as well as the spectral di�usion time gd. By blocking one
of the interferometer arms, the detection path could e�ectively be converted to a Hanbury
Brown and Twiss interferometer for standard second-order correlation measurements as
described in section 3.2.2 (correlation electronics: PicoHarp300, Pico�ant). By redirecting
the detection path from one of the APDs (Count20, Laser Component) to the spectrometer
(SP500i, Princeton Instruments), it was possible to simultaneously measure spectra while
using the emi�er intensity captured with the other APD as a feedback for an emi�er track-
ing algorithm to compensate for thermal dri�s. �e emi�ers themselves as well as the ob-
jective lens (NA 0.9, Mitutoyo) were placed inside a liquid helium �ow cryostat (CryoVac).
�is enabled a highly e�cient photon collection while the sample cooled down from 300 K
to 5 K. At cryogenic temperatures a pair of widely tunable long- and shortpass �lters (704
nm VersaChrome Edge, Semrock) acted as a ∼5 nm bandpass centered at the ZPL of the
selected single emi�er to maximize the signal-to-background ratio. An additional 620 nm
longpass �lter and the dichroic mirror further suppressed the 532 nm excitation diode laser.
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Lifetime measurements were performed using a picosecond-pulsed 532-nm laser (LDH-P-
FA-530, Pico�ant).
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Figure 4.1. Schematic view of the low-temperature single-emi�er spectroscopy setup. �e sample
was mounted on the cold �nger of a �ow cryostat and thermally connected to the cop-
per by using silver paste. �e objective lens sits above the sample in the vacuum. FC:
�ber collimator, DM: dichroic mirror, SM: x/y-scanning mirror, LP: 620-nm longpass
�lter, VLP: variable longpass �lter, VSP: variable shortpass �lter, PH: 75-micrometer
pinhole, MR: retro re�ector on motorized stage (15 cm travel range), PR: retro re�ector
on piezo stage (∼100 µm travel range), CCD: CCD camera for alignment and wide �eld
imaging, APD1/2: avalanche photodiodes.

�e samples were provided by the group of Igor Aharonovich and their preparation was
according to Tran et al.[80]: 100 µL of commercially available ethanol / water solution con-
taining ∼ 200-nm-sized hBN �akes (Graphene Supermarket) were dropcasted onto clean
Silicon substrates and allowed to dry. A�er that, the substrates were annealed in a tube fur-
nace under a low-pressure O2 atmosphere at temperatures up to 500 ◦C for a total duration
of one hour. Although this preparation method yielded samples with a rather heteroge-
neous distribution due to the inhomogeneous drying process, it was possible to �nd areas
with 10 to 20 individual emi�ers in a typical confocal scan range of 50 by 50 micrometers
that could be further characterized.

In accord with recent research[80–82, 86], a broad variation of the optical properties of
hBN emi�ers was found. For the following experiments, an emi�er with a stable ZPL at
room temperature (�g. 4.2a) and a clear antibunching dip (�g. 4.2b) was selected. In total,
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Figure 4.2. Preliminary characterization of a single hBN emi�er at room temperature. (a) Room
temperature spectrum of a single-photon emi�er in hBN. (b) Close-up of the 6 (2) -
function around g = 0 shows typical single-photon antibunching behavior with
6 (2) (0) < 0.5.

all measurements were performed on the same defect over the course of two days, during
which it was constantly tracked and proved to be stable.
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4.2. Temperature-Dependent Spectral Properties
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Figure 4.3. Temperature-dependent measurements of a single hBN emi�er: (a) Intensity map of
the recorded spectra, (b) frequency shi� and homogeneous width of the ZPL. �e val-
ues in (b) and are extracted from �ts to a Lorentzian model following the approach
from[59]. �e orange lines in (b) and are �ts to a power law, resulting in a) 3.39(1) and
) 2.94(1) dependency respectively.

�e selected emi�er was now cooled down and tracked while simultaneously record-
ing its spectrum to observe the temperature-dependent properties of the ZPL. Figure 4.3a
shows the resulting intensity map of the spectra during the cooling process. Each individ-
ual spectrum was integrated for 500 ms. �e temperature resolution of the heat map was
binned to 0.1 K and all spectra within each temperature step were averaged in order to ob-
tain an optimal signal-to-noise ratio. Cooling from room temperature to 5 K took about 1 h
during which the cooling rate was kept constant. During this process, the shape and po-
sition of the ZPL signi�cantly changed. As discussed in section 2.2.3, the ZPL is governed
by homogeneous and inhomogeneous broadening mechanisms, which lead to a Lorentzian
and Gaussian shape respectively. For defect centers in solid states, the predominant mecha-
nisms are spectral di�usion (inhomogeneous) and phonon broadening (homogeneous)[40,
59, 98, 99]. If both occur simultaneously, the resulting line shape follows a Voigt pro�le as
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given in eq. (2.50). In the following two subsections, the temperature dependence of the
line shape and position will be separately investigated in detail.

4.2.1. Line-Broadening Mechanisms

Analog to the �ndings in other defect centers in broad-bandgap semiconductors[40, 59,
98], a transition from a predominantly Gaussian to a Lorentzian line shape is observed
for increasing temperatures (see also �g. C.2). �is transition already indicates that the
phonon broadening increases with temperature while the spectral di�usion stays mostly
temperature independent. To further investigate this behavior, the recorded data was ��ed
with Voigt pro�les from which the Gaussian and Lorentzian contributions were extracted
in terms of their FWHM values 5G and 5L. �e obtained linewidths were corrected for
the spectrometer response function, which also has the shape of a Voigt distribution. �e
procedure used to measure and correct for the in�uence of the spectrometer is described
in appendix B.1. Directly ��ing a Voigt pro�le to experimental data without restraining
the �t parameters o�en yields inconsistent results for 5G and 5L due to the strong corre-
lation between both parameters (see appendix C and �g. C.1). �erefore, in order to �t
the measured spectra in a more conclusive manner, the procedure established for SiV cen-
ters in diamond described by Neu et al. [59] was adapted: At cryogenic temperatures, the
Lorentzian width of the measured Voigt pro�les was assumed to be far below the spec-
trometer resolution and therefore was �xed to the value obtained from the spectrometer
response function 5

spec
L = 3.7 GHz. For up to 20 K, �ts to the measured data yield a con-

stant value of 5G = 21.3 GHz. �is is the spectral di�usion linewidth. Spectral di�usion
was assumed to be temperature independent, so that for higher temperatures the Gaussian
width was �xed to this value and 5L was le� as an unrestrained �t parameter. �e lower
graph in �g. 4.3b shows a broadening of the homogeneous linewidth extracted from the
resulting �ts for the whole temperature range that resulted from following this approach.

�e exact interpretation or formal derivation of the temperature dependence of the ho-
mogeneous broadening is quite challenging if not impossible at that point for hBN emi�ers
due to the lack of further knowledge of the exact atomic structure, the phonon spectrum
or the level scheme. �erefore, what follows is a more general assessment and comparison
with other known defect centers in solids. Extensive theoretical work has been done espe-
cially on diamond-based defect systems[100–102]. Here, power laws with a combination
of di�erent exponents for speci�c temperature ranges have been predicted for the broad-
ening of which some have been in part con�rmed in experiments[59, 103, 104]. However,
��ing what is basically a multi-exponent polynomial with ample degrees of freedom will
naturally approximate even the high resolution measurement in �g. 4.2a well without ac-
tually yielding any useful information on the underlying physics. �erefore, a power law
with a single free exponent is used as a �t function to determine the main contribution of
the broadening. With this approach, a broadening with a ) 2.94(1) dependence is observed.
Interestingly, a power law close to) 3 is commonly found in solid-state systems exhibiting
signi�cant inhomogeneous ZPL broadening at elevated temperatures[100, 104, 105] where
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it was linked to the in�uence of impurities in the host material[102]. �is corresponds well
with our results, since the two-dimensional nature of hBN implies a rather unprotected en-
vironment for the embedded defect center.

4.2.2. Energy Shi�s of the Zero-Phonon Line

�e upper graph in �g. 4.3b shows the shi� of the central frequency of ∼600 GHz to higher
frequencies when cooling from room temperature to cryogenic temperatures. In solid-state
emi�ers, temperature shi�s of the emission lines are commonly a�ributed to the thermal
expansion and the electron-phonon interactions[56, 100]. Again, a direct theoretical pre-
diction of the shi� is not possible at that point without further knowledge about the emi�er.
However, ��ing with a free temperature exponent results in a ) 3.39(1) power law. A value
that compares well with measurements on SiV and chromium defect centers in diamond,
where a) 3-dependent shi� is commonly a�ributed to �uctuating �elds, which are created
as a phonon modulates the distance between the color center and other impurities in the
crystal[59, 98, 106].

4.3. Low-Temperature Linewidth Limits

In this section, the limit of the single hBN emi�er’s linewidth at cryogenic temperatures
will be further investigated. A measurement of the excited state lifetime g in �g. 4.4a re-
veals a natural linewidth of 5= ≈ 32 MHz. �is ultimate limit is not resolvable with the
spectrometer used in the previous section 4.2. However, interferometric measurements
can resolve much narrower lines. �erefore, in the following two subsections, a Michelson
interferometer illustrated in �gs. 4.1 and 4.5a is employed to reveal more information on
the linewidth limit.

4.3.1. First-Order Coherence Measurements

A Michelson interferometer directly measures the �rst-order coherence function as given
in eq. (1.41) by spli�ing the electric �eld, introducing a time delay between the compo-
nents and recombining them. �e intensity of the resulting recombined �eld measured as
a function of the delay g at one output port of the interferometer shows the typical interfer-
ence pa�ern. �e visibility E of these fringes equates the absolute value of the �rst-order
coherence function E =

��6 (1) (g)�� and can be de�ned in a more practical way as[34]:

E =
〈� 〉max − 〈� 〉min
〈� 〉max + 〈� 〉min

(4.1)

Figure 4.4b shows the obtained interference visibility as a function of the relative time
delay due to the interferometer path length di�erence measured at 5 K. For each data point,
the motor stage was moved to a speci�c delay position and an interferogram was measured
locally by scanning the piezo over roughly two interference fringes (�g. 4.4b inset). �e
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visibility at each stage position was then extracted by ��ing a sine function with an o�set
to the interferogram and calculating the absolute value of the quotient of the resulting
oscillation amplitude and the o�set. Fi�ing a sine function greatly reduced the in�uence
of shot noise and allowed to measure each interferogram within 250 ms. From �g. 4.4b, a
Gaussian-like visibility pro�le centered at the position of equal interferometer arm lengths
is identi�ed. �is is in very good agreement with the predominantly Gaussian emi�er line
shape at cryogenic temperatures already seen in the photoluminescence spectrum[107].
In contrast, homogeneous broadening mechanisms like phonon coupling would result in
a Lorentzian-like spectral line and an exponentially decaying visibility pro�le[107].
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Figure 4.4. Lifetime and �rst-order coherence measurements of a single defect in hBN: (a) Lifetime
measurement (blue: data, orange: exponential �t with g = 4.93(2) ns (b). Measured
�rst-order coherence (blue: data, green: exponential �t with g2,4 = 76(2) ps, orange:
Gaussian �t with g2,� = 81(1) ps): Each visibility data point is the result of a �t to a
piezo scan of about two fringes during 250 ms at a �xed stage position (inset).

�e coherence time of 81(1) ps corresponds to a spectral width of 52 = 2
√

ln(2)/(πg2) ≈
6.5 GHz [107]; roughly 200 times wider than the Fourier-limited linewidth. �is measure-
ment was the �rst linewidth measurement from a single emi�er in a two-dimensional ma-
terial and especially hBN. Although this is still far from the Fourier limit, the value is
comparable or even be�er than the ones obtained from measurements on chromium or
NV centers in diamond[98, 108].

4.3.2. Ultrafast Spectral Di�usion

As seen above, the main reason for the large di�erence between the lifetime-limited width
and the width obtained with the spectrometer and interferometer is inhomogeneous broad-
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Figure 4.5. Working principle of ultrafast spectral di�usion measurements. �e Michelson inter-
ferometer superimposes an interference pa�ern onto the ZPL. Random spectral jumps
thus are converted to intensity �uctuations on the output ports at the beam spli�er. A
full theoretical description can be found in Wolters et al.[40].
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ening. In the following, the underlying mechanisms are further investigated: Random spec-
tral jumps can explain the observed behavior. If many of those jumps occur during the data
acquisition (typically 250 ms for both measurement types), they are e�ectively averaged
and result in a broadened line (see �g. 2.7a). �e presence of these jumps and the statistical
time constant gd of their occurrence can be con�rmed and determined with second-order
correlation measurements following the approach from Wolters et al. [40]. �e general
working principle of this ultrafast spectral-di�usion measurement is illustrated in �g. 4.5.
�e interferometer e�ectively converts frequency jumps into intensity modulations at the
output ports of the interferometer. �ese modulations have a direct e�ect on the measured
second-order correlation. If the path length di�erence between the two arms of the inter-
ferometer and therefore the fringe spacing is smaller than the spectral di�usion width, the
resulting 6 (2)

!'
-function reads as[40]:

6
(2)
!'
(g) =

(
1 − 2

2

2 · e
− g
gd

)
· 6 (2) (g) , (4.2)

where 2 is the interferometric contrast, gd the spectral di�usion time and 6 (2) (g) is the
pristine second-order correlation function of the emi�er without the in�uence of the inter-
ferometer. �e pristine 6 (2) -function can simply be measured by blocking one arm of the
interferometer as this converts the setup into a typical Hanbury Brown and Twiss con�gu-
ration shown in �g. 3.7. �e 6 (2) -function was found to match the behavior of a three-level
system (eq. (2.36)).

With this method, it was possible to measure spectral di�usion times at the temporal
resolution of the correlation electronics. Figure 4.6 shows the resulting second-order corre-
lations for three di�erent laser powers. Table 4.1 summarizes the relevant time parameters
of the �ts according to eq. (4.2) for the measured data provided in �g. 4.6. For increasing
powers, the antibunching time g2 remains nearly unchanged at about 5 ns while the bunch-
ing time g3 signi�cantly reduces from 814(3) µs to 49.73(7) µs and respectively 575(1) µs
to 56.59(3) µs for the di�erent con�gurations. �is behavior is typical for three-level sys-
tems[56, 109], although the observed bunching times are remarkably long. Chapter 5 will
further investigate the bunching behavior in hBN emi�ers. �e spectral di�usion measure-
ments show that gd decreases for elevated powers from 3.9(2) µs to 0.320(8) µs, a trend that
is also found for NV centers in nanodiamond[40]. Notably, this is still at least two orders of
magnitude slower than the lifetime of the emi�er, which means the defect emits multiple
identical photons consecutively before it spectrally jumps.
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Figure 4.6. Second-order correlations of the emi�er signal for di�erent excitation laser powers
with detection in a typical Hanbury Brown and Twiss con�guration (le�) and detection
at the output ports of a Michelson interferometer (right). While the le� graphs follow
the 6 (2) -function of a three-level system, the right graphs show the additional dip that
indicate spectral di�usion. For each measurement, data was collected for ten minutes.
�e error bars correspond to the square root of the coincidence events within each
time bin. (points with error bars: correlated data, solid lines: �ts, the orange and green
curves have an o�set of +1 and +2 respectively).

Table 4.1. Selected �t parameters for �ts in �g. 4.6.
Power / µW g2 / ns g3 / µs gd / µs

20 5 ± 1 814 ± 3 -
6 (2) 63 6.2 ± 0.8 321.3 ± 0.6 -

200 4.4 ± 0.2 49.73 ± 0.07 -

20 4.4 ± 0.7 575.0 ± 1.0 3.9 ± 0.2
6
(2)
!'

63 5.5 ± 0.3 268.4 ± 0.2 1.4 ± 0.5
200 5.4 ± 0.1 56.59 ± 0.03 0.320 ± 0.008
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4.4. Conclusion

�e presence of the spectral di�usion explains the broadening of the ZPL at cryogenic tem-
peratures well and is in agreement with the other experimental �ndings in this chapter. �e
rather fast values may suggest charging and discharging of the defect or charge traps in the
emi�er environment that cause small energy shi�s due to the DC Stark e�ect. �e extra
charge may originate from the rich nitrogen environment within the hBN la�ice or, similar
to NV centers in diamond[40], photo-ionized nearby impurities. �e observed faster spec-
tral di�usion with increasing laser power further supports the la�er assumption. Moreover,
the presence of ultrafast spectral di�usion veri�es again that the phonon coupling is not
the dominant process causing the low coherence times. In fact, recent measurements sug-
gest, that for a resonant excitation, phononic broadening might even suppressed even at
elevated temperatures[66]. It should also be noted that the recent development of engineer-
ing the hBN single emi�ers in large exfoliated materials may yield a more robust and clean
environment that potentially reduces the spectral di�usion[83, 86, 110]. �is is analog to
comparing quantum emi�ers in nano diamonds against emi�ers of the same family found
in bulk crystals. �e la�er ones o�en exhibit much more stable and superior photophysical
properties. On the other hand, due to the two-dimensional nature of the host material, the
defect is highly exposed to its surroundings and might even come into direct contact with
its environment such as the carrier substrate. �us, it can be assumed that the spectral
di�usion is strongly dependent on the layer thickness of the hBN and on the substrate.





5. All-Optical Control of�antum
Emi�ers in hBN

�e results of the previous chapter 5 made it obvious that the photophysics of hBN emi�ers
can be rather complex. While the focus in that chapter was on broadening mechanisms
and linewidth limits of the ZPL, in this chapter, a series of systematic experiments designed
to shed light onto the electronic level structure and photodynamics of quantum emi�ers
in hBN are shown. �e presented work is the result of a close collaboration between the
groups of Igor Aharonovich and Milos Toth (both from the University of Technology, Syd-
ney) as well as Oliver Benson (Humboldt University, Berlin). �e experimental side was
led by the groups in Sydney, while the theoretical aspects and data evaluation was mainly
handled in Berlin. A summary of the results was published in Nature Communications un-
der the title ‘All-optical control and super-resolution imaging of quantum emi�ers in layered
materials’[111]. While the discussion of the super-resolution imaging part of this publica-
tion is postponed to the next chapter 6, this chapter will focus on the investigation and
optical control of the photophysics with an emphasis on the data analysis and modeling of
a photophysical level system.

5.1. Experimental Setup and Preliminary Characterization

An initial survey of several emi�ers was performed with a conventional confocal micro-
scope with a �ber-coupled detection path that was connected to either a Hanbury Brown
and Twiss interferometer or a spectrometer (see �g. 5.1a). �e exact speci�cations of
the setup are described in Kiniani et al.[111]. For reference, �g. 5.1b shows the room-
temperature photoluminescence spectrum of one such emi�er when excited with a 675-nm
laser. �e emi�er had a ZPL at 778 nm and a negligible phonon sideband. �e measured
second-order correlation (�g. 5.1c) indicated that the emission was predominantly collected
from a single defect: 6 (2) (0) = 0.07(2), resulting from the deconvoluted �t as described in
section 3.2.4 without any background correction applied.
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Figure 5.1. Experimental setup and preliminary characterization of one of the investigated emit-
ters. (a) Two dichroic mirrors (DM) are used to superimpose the excitation lasers. �e
detection is coupled to a single-mode (SM) �ber that enables convenient switching be-
tween the also �ber-coupled spectrometer and HBT interferometer. (b) Emission spec-
tra under 675-nm laser excitation. (c) Second-order correlation of the emi�er’s photon
stream under 675-nm excitation. �e emi�er shows an extraordinary large bunching
amplitude. Together with the narrow antibunching dip, this leads to a visible in�u-
ence of the IRF of the TCSPC system as discussed in section 3.2.4. �e deconvolved
6 (2) -function shows the clear single-photon emission with 6 (2) (0) = 0.07(2).
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5.2. Enhanced Nonlinear Behavior of Emi�ers in hBN

A�er having con�rmed the quantum nature of the surveyed emi�ers, a second laser was
introduced to look for nonlinearities in the photoluminescence. Figure 5.2a displays the
emission spectra and normalized intensity for the reference emi�er upon excitation with a
675-nm laser, a 532-nm laser and the simultaneous pair of 675-nm plus 532-nm lasers. �e
emi�er was excited with 10 µW of power for the 532-nm laser and 300 µW for the 675-nm
laser. �e 532-nm excitation yielded a negligible �uorescence intensity. Note that the cor-
responding spectrum (green trace in �g. 5.2a) is multiplied tenfold for clarity. Interestingly,
comparing the excitation of the emi�er with the 675-nm laser and the co-excitation with
the laser pair, i.e. 675-nm (300 µW) plus 532-nm (10 µW), reveals a highly nonlinear behav-
ior. Speci�cally, upon co-excitation, the emission intensity increases by more than a factor
of two, which is far greater than the 3.3% increase in total excitation power (from 300 µW
to 310 µW).
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Figure 5.2. Spectra and �uorescence saturation measurements of the same reference emi�er from
�gs. 5.1b and 5.1c that stands for a whole group of emi�ers with similar behavior. (a)
Photoluminescence spectra under three excitation conditions: low-power (10 µW) 532-
nm laser, high-power (300 µW) 675-nm laser and coincident excitation with both lasers.
It is noteworthy that the spectrum under excitation with the 532-nm laser has been
multiplied tenfold for display purposes. (b) Saturation curves for increased 708-nm
laser power under constant 532-nm co-excitation. Each graph was ��ed with eq. (3.7)
resulting in the saturation powers %sat = 20(1)mW, 5.6(2)mW and 3.6(1)mW for
respectively no additional 532-nm laser, 5 µW and 10 µW 532-nm laser.

Simultaneously, the addition of the 532-nm laser a�ected the saturation behavior of the
emi�er: Introducing the 532-nm laser reduced the intensity required to saturate the emi�er.
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�is is highlighted in �g. 5.2b where the saturation curve upon sole 708-nm laser excitation
is compared to curves obtained upon co-excitation with the 708-nm and the 532-nm laser
pair. In brief, under 708-nm excitation the emi�er saturated at 20(1)mW. Remarkably,
the emi�er did not bleach for laser excitation powers as high as 60 mW, used to obtain the
saturation curves. Under co-excitation, the emi�er saturated at 5.6(2)mW (%532nm = 5 µW)
and 3.6(1)mW (%532nm = 10 µW), respectively – that is, the use of the laser pair reduced
the saturation power by almost one order of magnitude.
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Figure 5.3. Fluorescence time trajectories of the emi�er sampled into 10 ms bins, under excitation
with 708-nm or co-excitation with 708-nm and 532-nm lasers. �e power of the 708-nm
laser was kept at 100 µW. �e corresponding histogram of the photon distribution at
each excitation condition is shown on the right. Two �uorescence thresholds become
visible. Upon co-excitation with the 532-nm laser the emi�er shi�s from the lower to
the higher intensity threshold.

Additionally, the emi�er showed a peculiar �uorescence intermi�ency (‘blinking’) be-
havior, which was dependent as well on the 532-nm excitation. Figure 5.3 summarizes the
main characteristics. Under excitation with the sole 708-nm laser, the emi�er exhibited
two �uorescent thresholds with the statistics for the photon distribution showing the sys-
tem to be mainly in the one with the lower �uorescence. Note that there appears not to be
an o�-threshold, which would correspond to a completely dark state with the number of
detected photocounts equal to the background level. By adding the 532-nm laser of increas-
ing power, the statistic of the photon distribution shi�ed towards the threshold of higher
�uorescence.
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Figure 5.4. Second-order correlations for the emi�er excited with a 675-nm laser at 100 µW and an
additional 532-nm laser with powers increasing from 0 µW to 50 µW.(a) Without the
532-nm laser, the6 (2) -function shows the clear double-bunching of a four-level system.
Adding the laser signi�cantly reduced the bunching. �e data of all but one graph was
��ed with a four-level-model (eq. (5.1)). At %532 = 50 µW, the bunching was suppressed
to a point where the four-level model did not converge anymore and a three-level
model (eq. (2.36)) was used instead. (b) Progression of the bunching amplitudes and
corresponding time constants extracted from the �ts.
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Finally, �g. 5.4a shows long-time (up to milliseconds) second-order correlation measure-
ments. �e di�erent data sets were collected under co-excitation with the 675-nm laser
(100 µW) and the 532-nm laser, the power of which was varied. �e best �t to the data is
achieved using a four-level model following

6 (2) (g) = 1 − (1 +�3 +�4)e−g/g2 +�3e−g/g3 +�4e−g/g4 , (5.1)

whose photodynamics is non-trivial, as discussed below. �e exponential decays at longer
time scales reveal the presence of two intermediate/metastable levels. �e bunching am-
plitudes �3 and �4 as well as the time constants g3 and g4 corresponding to these levels
are plo�ed in �g. 5.4b, as obtained from the �ts. Interestingly, the two-laser co-excitation
measurements show that these states are depopulated by the addition of the 532-nm laser
even at a very low power of 0.5 µW. �eir bunching amplitudes and time constants in-
deed drastically decrease for increasing excitation powers of the 532-nm laser to a point
where there is almost no bunching visible and the system approaches the photon statistics
of a two-level system. �is decrease is nonlinear (note the double logarithmic axis scal-
ing in �g. 5.4b) and it correlates consistently with the enhancement in photoluminescence
intensity observed in �g. 5.2a.

�e same nonlinear behavior was observed on other — yet not all — emi�ers (examples
are given in the supplemental material of Kianinia et al. [111]) with di�erent ZPL energies
< 1.7 eV (i.e., emission wavelengths > 700 nm).

5.3. Relating the Emission Behavior to a Rate Model

A possible model that is consistent with all the observations above is presented in �g. 5.5.
�e autocorrelation measurements show that under o�-resonant excitation with a 675-nm
(or 708-nm) laser the emi�er essentially behaves similar to a four-level system with a fast-
decaying intermediate |8〉 and a long-lived metastable state |<〉. Excitation with a sole
532-nm, 675-nm or 708-nm laser all lead to emission into the ZPL, although the process
is more e�cient for both of the longer wavelength lasers as �g. 5.2a suggests. Similar ob-
servations have been made in recent reports[112]. �e addition of a weak 532-nm laser to
the 675-nm excitation laser suppresses the population of the intermediate state via an e�-
cient repumping to the excited state |4〉, which results in the observed enhanced nonlinear
photoemission.

�e repumping e�ect is non-trivial: �e nonlinear increase in photoluminescence is ac-
companied by a reduction in the intensity required to saturate the emi�er, which indicates
the existence of a complex dynamics involving both the intermediate and the metastable
states. A valid interpretation is that upon sole 675-nm (or 708-nm) excitation, there is a
high probability that the system undergos a transition to the long-lived metastable state.
�is is consistent with the emi�er’s blinking behavior, where the observed photostatistics
is mainly at the low-�uorescence threshold upon sole 675-nm excitation. It is noteworthy
that this is also in accord with the abundance of a non-�uorescent o�-state in the blink-
ing trace, which indeed indicates averaging over very fast-dynamics transitions, similar to
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Figure 5.5. Proposed level-scheme and corresponding transition matrix G for the investigated

emi�er. �e black arrows stand for transitions that are considered to be non-radiative
and unperturbed by external laser �elds. �e red arrow marks the radiative transition
into the ZPL with :46 . �e excitation with rate :64 (orange arrow) can be driven by all
the employed lasers, although more e�ciently via the 675-nm or 708-nm laser, while
532-nm laser e�ciently repumps the system from the intermediate state to the excited
states with :84 (green arrow).

the dynamics previously seen in section 4.3.2. It weakens the possibility that these tran-
sitions occur towards trap states with slow dynamics (as these would be detected as a
complete o�-state in the �uorescence time trajectory). �e blinking analysis also shows
that the addition of the 532-nm repumping laser suppresses the probability for the emi�er
to be in the low-�uorescence threshold and allows to infer about the relative dynamics
between the fast-decaying intermediate and long-lived meta-stable state. Speci�cally, the
repumping via the 532-nm laser reverts the system from the intermediate state to the ex-
cited state, thus inhibiting the otherwise faster non-radiative decay from the intermediate
to the ground state, which would occur without repumping. �is e�ciently depopulates
the ground state resulting in the observed reduction in excitation intensity required to
saturate the emi�er.

5.4. Conclusion

In summary, an interpretation of the changes in the observed photostatistics for di�erent
excitation scenarios ultimately allowed for the development of an elaborate level scheme
and the resulting rate model. With the two-laser excitation and repump scheme it was pos-
sible to vastly change the nonlinear saturation and bunching behavior of the investigated
class of emi�ers, e�ectively switching from a four-level dynamics to an emission statis-
tics that closely resembles a two-level system. Remarkably, all the conducted experiments
were of pure optical nature and the excitation was o�-resonant, meaning that only the
interaction of the light �eld and the emi�er was observed and actively manipulated in a
non-coherent way. �e presented results are consistent with the current research on hBN
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defects[68, 112, 113] and support the idea of di�erent classes or types of possible emi�ers
in hBN as this speci�c photophysics was only found in a subset of quantum emi�ers.



6. Super-Resolution Imaging with
�antum Emi�ers in hBN

One of the current challenges towards the realization of practical, scalable, integrated quan-
tum photonic circuits is the e�cient coupling of the emi�ers to optical and mechanical
resonators. �e ability to locate and ultimately fabricate single-photon emi�ers with a de-
gree of precision well beyond the optical di�raction limit of visible light is thus becoming
imperative. Similarly, full exploitation of the emi�ers for sensing and biological imaging
applications requires that the emi�ers are compatible with super-resolution imaging tech-
niques.

�is chapter directly builds upon the nonlinear behavior found in the previous sec-
tion 5.2 and shows how it can be exploited in a new scheme for super-resolution imaging.
�e results presented here are also summarized in the second part of the publication in
Reference [111].

6.1. Modalities of Super-Resolution Microscopy

Super-resolution imaging techniques use the �uorescence properties of the investigated
system to beat the fundamental resolution limit postulated by Ernst Abbe in 1873[114].
Breaking this limit was considered such an achievement that it was awarded with the
Nobel prize in 2014[115]. So far, super-resolution imaging has been realized using �u-
orophores that include single molecules, color centers and quantum dots[46, 116–118].
Techniques like photo-activated localization microscopy (PALM)[119] and stochastic op-
tical reconstruction microscopy (STORM)[120] rely on ultrafast blinking of �uorophores
and require the acquisition of multiple image frames, resource-intensive data analysis and
post-processing steps. On the other hand, nanoscopy techniques grouped under the um-
brella of reversible saturable optical �uorescence transitions (RESOLFT) such as stimulated
emission depletion (STED)[121] and ground state depletion (GSD)[122] enable direct imag-
ing with spatial resolutions beyond 10 nm and remove the need for post-acquisition image
processing. However, they rely on two key criteria: �e �rst one is a nonlinear �uorescence
response, e.g., the saturation behavior of the emi�er used for super-resolution imaging. �e
second criterion is the resilience of the emi�ers (and the enclosing environment) against
high-power excitation, as saturation is typically achieved via strong optical pumping. Such
a characteristic is rare, particularly at room temperature, where most applications of super-
resolution nanoscopy are performed.
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6.2. Nonlinear Ultrasharp Fluorescence Response

�e photokinetic analysis in chapter 5 revealed that the identi�ed class of emi�ers in hBN
ful�lls both the criteria for RESOLFT nanoscopy mentioned above. In this section, a brief
theoretical discussion on why those criteria are su�cient for super-resolution microscopy
is presented and directly applied to the �ndings for these hBN emi�ers, where two co-
aligned lasers were used to selectively excite and/or repump the system. �e discussion
will show that a technique termed negative ground state depletion microscopy[123] is gen-
erally applicable to the emi�ers and can even be improved by exploiting the new two-laser
modality.

Starting from the rate model developed in section 5.3, it is straightforward to qualita-
tively derive the �uorescence response when scanning di�erent laser pro�les over a single
emi�er. Scanning the laser across a �xed emi�er e�ectively changes the local excitation (or
repumping) intensity perceived by the emi�er and thus the corresponding rates. According
to eq. (3.5), the rates scale in good approximation linearly with the intensity of the exter-
nal �eld. In the following, the �uorescence is evaluated for Gaussian and donut-shaped
intensity pro�les. To do so, it is convenient to introduce

E = 2πA#�/_ (6.1)

as the optical unit in the focal plane, with A being the distance of the emi�er from the
geometric center of the focal point, #� the numerical aperture and _ the wavelength. In
these units, the Rayleigh resolution (eq. (3.3)) reads as ΔE = 1.22π. Analog to Ref. [122], the
donut pro�le along one axis can then be constructed from two Airy discs (eq. (3.2)), spaced
2ΔE apart, so that their �rst minima perfectly overlap. As a result, the location-dependent
transition rate for the donut pro�le can be wri�en as

:Donut
8 9 (E) = :8 9,max ·

((
2�1(E + ΔE)
E + ΔE

)2
+

(
2�1(E − ΔE)
E − ΔE

)2
)
. (6.2)

Here, �1 is the �rst-order Bessel function and :8 9,max is the peak transition rate between
two states |8〉 and | 9〉 that is obtained when the system is suspect to the maximum local
laser intensity. Similarly, the location-dependent transition rate for the Gauss beam can be
de�ned as

:Gauss
8 9 (G) = :8 9,max · e−

1
2 (E/f)2 , (6.3)

with f = 0.42π, so that the pro�le approximates the shape of a single Airy pro�le.
As the scanning is rather slow compared to the photodynamics of the emi�er, it is save to

assume for the dynamics to be equilibrated to a steady state at all times, so that the �ndings
from section 3.1.2 directly apply. In particular, eq. (3.4) holds and gives the relation between
the emission rate 'BB46 and the excited state population =BB4 . For the rate matrix in �g. 5.5,
this yields:

'BB46 = :46 ·
:64:<6

(
:84 + :86 + :8<

)
:48:8<

(
:64 + :<6

) + :<6 (
:48

(
:64 + :86

) + (
:46 + :64

) (
:84 + :86 + :8<

) ) (6.4)
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Here, the excitation rate :64 and the repump rate :84 that are determined in the experiment
by the local intensity of the 708-nm laser and the 532-nm laser respectively are marked
orange and green.
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Figure 6.1. Calculated �uorescence pro�les for one and two single hBN emi�ers when scanning
over the emi�er(s) along the image plane with di�erent laser beam con�gurations.
�e x-axis is scaled in multiples of the Rayleigh criterion (eq. (3.3)), so that the dis-
tance between the central minimum and the maximum donut is 1. �e vertical dashed
lines indicate the position of the emi�er(s) along the x-axis. When the emi�ers are re-
pumped (e.g. by the additional 532-nm laser), the �uorescence response becomes more
saturated and approaches a strongly pumped two-level system. A highly saturated sys-
tem can exhibit a �uorescence pro�le with features way below the optical resolution
limit. In the lower right quadrant, this becomes apparent as the two emi�ers can still
be resolved.

Figure 6.1 shows the calculated �uorescence pro�les that result from eq. (6.4) when scan-
ning over a single or two identical emi�ers separated by half the Rayleigh resolution ΔE/2
with di�erent laser beam pro�les and excitation schemes. Each graph is normalized by its
maximum emission rate for be�er comparability. �e dashed blue line shows the normal-
ized intensity pro�les of one/two unsaturated point emi�er(s) with truly linear response.
�e other pro�les can be obtained from eq. (6.4) as follows: �e transition rates that are not
in�uenced by an external laser were chosen arbitrarily but in accordance with the �ndings
in section 5.3 to be: :46 = 1, :48 = 100, :86 = 1000, :8< = 1 and :<6 = 0.1. For the red trace,
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the excitation rate :64 and the repump rate :84 were determined by two co-aligned laser
pro�les, so that that their peak values were :max

64 = 100 and :max
84 = 10000000 to simulate

a strongly excited system that is e�ciently repumped. For the green trace, the repump
mechanism was switched o� by se�ing :84 = 0 simulating excitation with the single 708-
nm laser. Finally, the orange line shows the resulting strongly saturated pro�le when also
:48 = 0 as the fast decay path through the intermediate state is suppressed and the model
is e�ectively reduced to a two-level system. �e graphs nicely visualize how saturation
can be used to produce features in the �uorescence pro�le that are much sharper than the
optical resolution limit. For a more saturated system, the gradients of the pro�les become
steeper, which in the case of the donut-beam excitation results in a narrow dip.

6.3. Experimental Realization of Negative GSD Imaging

Negative GSD microscopy[123] was realized with the setup shown in �g. 6.2, which is
a slightly modi�ed version of the experimental con�guration in �g. 5.1a. Wave plates,
polarizing beam spli�ers and phase plates were added to each excitation path in order to
produce donut-shaped laser beam pro�les.

N
A
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xyz

Detection
SM Fiber

532 nmDM1

708 nmDM2

PP λ/4 λ/2 PBS

Figure 6.2. Experimental setup for super-resolution microscopy with hBN emi�ers. A polarizing
beam spli�er (PBS), a _/2 and a _/4 plate were used in each excitation path to obtain
circular polarized light in front of each phase plate (PP). �e phase plates then pro-
duced the desired donut-shaped excitation pro�les. �e rest of the setup is identical
to �g. 5.1a, with the 675-nm laser being permanently replaced by the more powerful
708-nm laser.

Standard negative GSD imaging was performed �rst with only the 708-nm donut-shaped
laser as the excitation source. As the beam was scanned, the emi�er experienced the
donut-shaped excitation intensity pro�le, which produced the corresponding ‘high-null-
high’ emission pa�ern. With this con�guration, in the confocal image the emi�er’s loca-
tion coincided with the center of the emission null. As expected from the previous dis-
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cussion in section 6.2, sub-di�raction resolution was achieved as at higher powers of the
scanning donut beam the ‘high-null’ and ‘null-high’ photoluminescence emission gradi-
ents became steeper and the full width at half maximum (FWHM) of the emission null
e�ectively narrowed. �e minimum in intensity yielded an inverse image of the emi�er
with a spatial resolution that exceeded the di�raction limit. Figure 6.3c shows the GSD res-
olution (extracted from the FWHM of the null) that was obtained by varying the power of
the 708-nm donut-shaped laser. With the experimental parameters of the setup (#� = 0.95,
_ = 708 nm), a resolution of 87(10) nm at 60 mW was reached — well below∼460 nm, which
is the di�raction-limited resolution measured for the confocal setup. �e resolution ΔA is
given by[123]:

ΔA =
_

Vπ=

√
n + �sat

�<
, (6.5)

where �< is the maximum laser intensity in the crest of the donut while n�< is the minimum
(‘null’) intensity in the center that is ideally zero. �e quantity = is the refractive index of
the medium and �sat is the laser intensity at which the emission intensity equals half of the
maximum value in the limit of in�nite excitation power. �e parameter V is the ‘steepness’
of the point spread function and depends both on the emi�er properties and the ‘crest-to-
minimum’ intensity gradient of the donut-shaped excitation source. It is hereby relevant
to point out that the GSD resolution is, in principle, non-di�raction-limited: It improves by
increasing the excitation laser power beyond �sat, so as to minimize the ratio �sat/�< . �is
usually translates in the need to use high laser powers to achieve high spatial resolution,
which is the main drawback of GSD methods and the related suite of RESOLFT imaging
techniques. �e high excitation powers needed to break the di�raction limit usually re-
sult in bleaching of most emi�ers, and thus restrict the robust use of RESOLFT methods
to a limited number of systems such as the highly photostable color centers in diamond.
High excitation powers are undesirable for another reason: �ey induce heating and can
damage the surrounding environment, which is particularly problematic for bio-imaging
nanoscopy applications.

Remarkably, these problems are alleviated by the unique photophysics of the class of
hBN emi�ers presented here. With reference to eq. (6.5), if �sat is reduced, the resulting
decrease in the ratio �sat/�< leads to an improvement of the GSD image resolution whilst
maintaining a �xed laser power (i.e., a �xed value of �< in eq. (6.5)). �e ability to reduce
�sat is evident from the saturation curves shown in �g. 5.2b and manifests in the developed
theoretic rate model in �g. 5.5: �e co-excitation of the emi�er with a 708-nm laser plus
a low-power 532-nm repumping laser causes �sat to decrease signi�cantly. Based on this
observation, the GSD resolution is expected to improve if the imaging is performed using a
coincident pair of excitation lasers as seen in �g. 6.1. To verify this experimentally, GSD was
performed with a low-power (10 µW), donut-shaped 532-nm repumping laser co-aligned
with the 708-nm main donut beam. �e addition of the repumping beam did indeed produce
higher resolution images of the emi�er as shown in �g. 6.3a. �e improvement is detailed
in �g. 6.3b, which compares the normalized intensity pro�le of the emi�er excited by a



86 6. SUPER-RESOLUTION IMAGINGWITH QUANTUM EMITTERS IN HBN

40 mW, 708-nm beam before and a�er applying the 10 µW, repumping 532-nm laser as
well as the point spread function of our conventional confocal setup, obtained from the
re�ection image of a 50-nm gold nanoparticle.
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Figure 6.3. Negative GSD image of a single hBN emi�er. (a) Fluorescence images of a single emit-
ter when scanning with co-aligned donut beams of di�erent laser powers. �e central
dip becomes more narrow when the emi�er is saturated at higher powers. �e length
of the scale bar corresponds to 400 nm. (b) Intensity pro�les show the resolution im-
provement between using a sole donut beam of the 708-nm laser at 40 mW and the
708-nm donut together with a coincident 532-nm donut at 10 µW. For comparison, the
intensity pro�le obtained from scanning over a 50-nm gold nanoparticle is shown as
PSF of the experimental setup. (c) Power dependency of the obtained GSD resolution
with and without the repump beam.

A plot of GSD image resolution versus power – up to the maximum power achievable
with the employed experimental setup – is shown in �g. 6.3c for both the single (708-nm
donut) excitation laser and the laser pair (708-nm donut + 532-nm donut). �e highest
resolutions achieved using the one and the two-laser excitation schemes were 87(10) nm
and 63(4) nm, respectively. Notably, the power of the 708-nm laser needed to achieve a
given target resolution was reduced dramatically by the addition of the low-power (10 µW)
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532-nm repumping laser. For reference, a resolution of 100 nm was achieved with 55 mW
of excitation power when using the single donut versus the 30 mW (+10 µW of the 532-nm
laser) of the laser pair.

It can be noted that current GSD implementations based on dual-beam schemes employ
a coincident pair of a donut plus a Gaussian-shaped laser[123]. �is con�guration is inap-
propriate here: �e low-power 532-nm laser is used to reduce �sat and this e�ect must be
maximized in the crest of the donut-shaped, high-power 708-nm beam whilst maintaining
an intensity null at the beam axis (i.e. in the center of the donut).

6.4. Conclusion

In this chapter super-resolution imaging was performed with individual quantum emi�ers
in hBN. �e electronic structure and photophysical properties of the emi�ers were har-
nessed to demonstrate a new variant of GSD nanoscopy in which a low power (10 µW),
donut-shaped, green laser was used in conjunction with the standard high power (tens
of milliwa�s) excitation donut to achieve negative GSD imaging and realize a spatial res-
olution of ≈ 63(4) nm. �e two-laser scheme was used to reduce the excitation power
needed to realize a given resolution target. �is is particularly relevant because the res-
olution of GSD nanoscopy scales with the excitation power and its principal limitation
is the need for very high laser intensities, which may induce damage for both the emit-
ters and the surrounding materials[118]. Further, the observed reduction in laser power
is highly desirable for super-resolution nanoscopy as it mitigates the power-induced heat-
ing and damage of the sample. Interestingly, there is no intrinsic limitation to extending
this repumping scheme to other quantum emi�ers, provided they possess analog nonlinear
photokinetics. �is could potentially spur the advancement of novel, alternative schemes
for super-resolution imaging. �e obtained results give raise to the interesting opportu-
nity of extending the application of single hBN emi�ers to the ever-developing �elds of
super-resolution nanoscopy and bio-imaging.





7. Laser-Wri�en�antum Devices

To bring practical optical quantum information processing to life, single-photon sources,
waveguides, spli�ers and �lters as well as single-photon detectors need to be integrated
into functional quantum-optical chips[8, 9]. �e fabrication of such chips, which will likely
be hybrid in nature, is a demanding task. In free-space optics, using mirrors on an opti-
cal table, it is straightforward to couple a given pre-selected single-photon emi�er into an
optical setup. Doing likewise on an optical chip is a formidable task. Pioneering experi-
ments[15] have localized and characterized single-photon emi�ers based on self-organized
semiconductor quantum dots by optical microscopy and spectroscopy. By using alignment
markers, the subsequent electron-beam lithography can be aligned with respect to these
emi�ers. More recently, even in-situ lithography of basic light collecting structures around
quantum dots was reported[13, 16]. Other experiments have moved nanodiamonds con-
taining NV centers as single-photon emi�ers to desired locations on surfaces by means
of an atomic-force microscope[124] or with tungsten micromanipulators[12]. A simple
alternative approach is to use polymer photonic wire bonds to connect di�erent optical
components – just like cables in electronics[14, 125]. First experiments using randomly
distributed quantum emi�ers have also been performed[17].

In this chapter, a reliable and scalable approach is described to �rst localize and charac-
terize single-photon emi�ers and then perform aligned optical laser lithography in three
dimensions with sub-micrometer precision. In contrast to the previous chapters 4 to 6,
where novel hBN emi�ers are investigated, here, NV centers in nanodiamonds are used as
a well-known robust solid-state single-photon source as the focus of this work lies on the
fabrication technique for integrated structures. �e presented work is the result of a close
collaboration of the groups of Martin Wegener (Karlsruhe Institute of Technology, Karl-
sruhe) and Oliver Benson (Humboldt University, Berlin). It successfully combines the ex-
pertise of laser lithography of the group in Karlsruhe with the know-how on nano-photonic
structures and solids-state single-photon sources provided by the group from Berlin. Major
parts of the results presented here have been published in Scienti�c Reports under the title
‘Wiring up pre-characterized single-photon emi�ers by laser lithography’[126].

7.1. Aligned Two-Photon Direct Laser Writing

A versatile way to fabricate photonic structures on the nanoscale is optical lithography via
direct laser writing (DLW). Similar to standard photolithography techniques, structuring
is accomplished by illuminating a photoresist via light of well-de�ned wavelength and
thereby changing its solubility in a subsequent development process. However, in contrast
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to common wide �eld exposure techniques that rely on photomasks to pa�ern large areas
at once, DLW uses a two-photon absorption process that occurs only at the focal spot
of a laser. �is enables a sequential three-dimensional exposure by scanning the focus
with respect to the sample. As two-photon absorption is a nonlinear process, the resulting
structures can have feature sizes below the di�raction limit[127, 128].

Many of the core components of a DLW apparatus like the scanning system and the ob-
jective lens can also be found in a confocal microscope. It thus seems natural to combine
both in an integrated setup by adding a confocal detection path and the necessary HBT
interferometer for the localization and characterization of quantum emi�ers. �e result-
ing setup enables the precise integration of pre-characterized emi�ers into laser-wri�en
structures. �e general procedure is sketched in �g. 7.1 and explained in detail below.

(a) (b) (c)

(d) (e) (f)

Figure 7.1. Fabrication of aligned laser-wri�en structures: Starting o� with a clean glass cover
slide (a), a polymer containing nanodiamonds with single NV centers is spin-coated
onto the glass (b). �e sample is then scanned with the 561-nm laser (100 µW) to
localize and characterize individual quantum emi�ers (c). Using a femtosecond-pulsed
780-nm laser to polymerize the photoresist (d), 3D microstructures are wri�en, aligned
with respect to the identi�ed single-photon emi�er (e). Removal of the unexposed
resist leads to the �nal structure (f).

�e home-built setup used in this work consists of a continuous-wave laser (561 nm
wavelength) that is tightly focused through the glass substrate via a 100× microscope oil-
immersion lens (numerical aperture NA = 1.4) and confocal detection that allows for the
acquisition of two-dimensional �uorescence maps. Bright spots in these maps are candi-
dates for single-photon emi�ers. To select from the candidates, the luminescence was �ber-
coupled into the HBT setup. Typically, an optical excitation power of 100 µW was used and
the data was acquired at one potential emi�er’s location for just one minute. �e spatial
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coordinates of all locations where 6 (2) (0) is substantially smaller than 0.5 were recorded.
It was possible to characterize about 50 emi�ers in one hour of which typically 10 showed
a su�cient antibunching behavior. Most importantly and quite amazingly, no indication
was found that the photoresist was exposed by this excitation with tightly focused green
laser light. Notably, passing this pre-selection process is not restricted to NV centers in
nanodiamonds. Furthermore, one could also select with respect to charge state, quantum
e�ciency and dipole orientation. In principle, any other type of emi�er is possible.

(a) (b)

Figure 7.2. Electron micrographs of the fabricated aligned laser-wri�en structures. (a) Several
structures with each having a single NV center located at the arc crossing. (b) Magni-
�ed view of a single crossed-arc waveguide.

To write 3D structures, which are aligned with respect to the pre-selected single-photon
emi�ers, a frequency-doubled femtosecond-pulsed �ber laser at 780 nm center wavelength
was focused through the same microscope lens. �e pulsed laser provided the necessary
peak intensity to trigger the two-photon polymerization process in the focal spot, while
at the same time having an average power below the damage threshold of the resist. �e
foci of the green and the infrared laser were carefully aligned with respect to each other in
three dimensions by scanning 100 nm diameter gold beads through the foci and detecting
the sca�ered light. �e alignment was checked routinely, but proved to be su�ciently
stable over periods of several days. Altogether, this means that the cataloged positions of
the 3D piezoelectric translation stage form a common three-dimensional coordinate system
for the laser pre-characterization and the subsequent laser writing. A�er the laser writing
of essentially arbitrary 3D microstructures, the unexposed photoresist was removed in the
development process. Electron micrographs of fabricated samples are depicted in �gs. 7.2a
and 7.2b. Each of them contains one pre-characterized single-photon emi�er right in the
waveguide crossing with a fabrication yield close to 100%.

7.2. Diamond Photoresist Sandwich

In order to fabricate structures with embedded quantum emi�ers via the direct laser writing
technique described above, two requirements regarding the photoresist are crucial. Ful�ll-
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ing both of them simultaneously is highly nontrivial. First, the photoresist must be solid as
the nanodiamonds could move in a liquid. However, most high-end photoresists for 3D op-
tical laser lithography are liquid. Second, the photoresist must exhibit low background �uo-
rescence — prior to exposure as well as a�er polymerization. �ese requirements were met
by the newly introduced solid negative-tone photoresist, which showed substantially less
background �uorescence than common photoresists (see �g. 7.3a). Moreover, the �uores-
cence from the polymerized photoresist was six times lower than the background �uores-
cence of the commercial silica glass substrate (LH24.1, Carl Roth) underneath (see �g. 7.3b).

�e photoresist is composed of of pentaerythritol triacrylate (PETA) as monomer (Sigma-
Aldrich) with 3% weight fraction Irgacure 819 as photoinitiator (BASF). Acrylic glass, or
more speci�c, Polymethyl methacrylate (PMMA) was used as received (Sigma-Aldrich),
dissolved in acetone and subject to an ultrasonic bath for one hour. PETA was mixed with
the PMMA solution using a volume ratio of 7:3. A�er rapid evaporation of the acetone, this
spun-on mixture becomes solid, such that the locations of all embedded nanodiamonds are
�xed. A�er completing the laser writing, the samples were rinsed with acetone and water
for development. �e nanodiamonds (Microdiamont AG) were used as delivered. �ey
were mixed with isopropanol in a volume fraction of 1:10 and ultrasonicated for 30 minutes.
According to the supplier, the nanodiamond ‘size’ nominally ranged from 0 nm to 50 nm
and the median was 25 nm.

To produce a thin layer of nanodiamonds in a �xed height, a resist-NV-resist sandwich
was constructed: First, a 5 µm thick solid photoresist was spin-coated on a glass substrate.
Second, nanodiamonds containing NV centers suspended in isopropanol were spin-coated
on top. �ird, another thick layer of solid photoresist was added.
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Figure 7.3. Comparison of the photoresist �uorescence.(a) SU-8, IPG and Ormocomp are commer-
cial photoresists sold by Microchem Corp., Nanoscribe GmbH and micro resist technol-
ogy GmbH respectively. �e home-made solid resist is used in this work. Note that IPG
and Ormocomp are liquid prior to polymerization, making them unsuitable for the lo-
calization of single-photon emi�ers in nanodiamonds. A�er drop casting each of the
four photoresists on a separate glass substrate (no nanodiamonds), blocks of 10 µm
side length and 6 µm height were exposed and polymerized by the lithography setup.
Next, the excitation laser at 561 nm wavelength was focused onto the photoresist vol-
ume and the �uorescence was recorded. �e �uorescence started from a certain level
and bleached over time until it reached a steady state a�er some minutes. �e data
shown was measured a�er reaching this steady state for each of the four photoresists.
(b) Fluorescence recorded while scanning the z-position of the sample with respect to
the laser focus. �e orange curve shows a z-scan through a 5 µm cube of home-made
bleached resist (without nanodiamonds), whereas the blue curve is a z-scan through a
glass-air interface. If the focus lies within the glass substrate (I < 0 µm), a signal that
is much larger than the dark count rate (dashed green) is detected. �e background
�uorescence from the photoresist is about six times smaller than that of the glass sub-
strate.
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7.3. Crossed-Arc Single Mode Waveguides

As a showcase for the fabrication of aligned photonic quantum devices, three-dimensional
crossed-arcs with single emi�ers in the crossing were produced. �e motivation for consid-
ering this structure was twofold. First, it collects and guides the photons from the emi�er
before they are launched into the glass substrate for subsequent far-�eld detection. Second,
it allows for integrated excitation of the emi�er and simultaneous background suppression
as depicted in �g. 7.4.

(a) (b) (c)

Figure 7.4. Demonstration of the general working principle of the crossed-arc structure without
an embedded emi�er: (a) A wide-�eld image shows the bo�om view of the structure
under white-light illumination with the 561-nm laser focused on the glass surface. (b)
When the laser is coupled into the le� port, it is guided along the arc and exits the
right port. (c) When the white light is switched o� and the laser is blocked by an 650
nm long pass �lter, only the auto�uorescence of the photoresist is visible. It is mostly
contained within the excitation arc.

Several groups have studied the problem of photon collection from single emi�ers on
or in optical �bers, �ber tapers or waveguides[129–133]. Crucial factors are the emi�er-
waveguide coupling and guiding losses. A key parameter that a�ects both is the waveguide
radius: If it is too small, only a single mode is guided, but most of the mode energy �ows
outside of the waveguide, hence the coupling to an emi�er inside is weak. If the waveguide
radius is too large, the waveguide becomes multi-mode and the collection e�ciency is again
low.

To investigate these aspects in more detail, �nite-element calculations based on Maxwell
equations were performed. All calculations regarding the arc waveguides were carried out
with JCMwave, a commercially available fully threedimensional frequency-domain �nite-
element solver[134]. As an idealized structure, two upright standing tori with equal bend-
ing radius' = 5 µm crossing under an 90° angle were modeled. �e structure was placed on
top of a glass substrate and surrounded by air. A I-oriented dipole was placed in the middle
of the crossing to simulate the emission of an NV center. In order to numerically evaluate
the guided �ux through the arc ends, circular regions with a radius of 800 nm were placed
on each end (i.e., where arcs and substrate meet). To calculate the collection e�ciency, the
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�ux of light leaving the arc waveguides towards the glass substrate was divided by the total
�ux leaving the overall surface of the simulation volume via the perfectly matched layers.
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Figure 7.5. Numerical calculations for crossed-arc waveguide structures with arc bending radius
' = 5 µm and variable waveguide radius A . A dipole emi�er oriented along the z-
direction is located in the middle of the crossing. (a) Light intensity distribution in a
plane parallel to the yz-plane cu�ing through the middle of the waveguide for three
di�erent waveguide radii A at a vacuum wavelength of 680 nm. �e length of the scale
bar translates to 2 µm. (b) Heatmap of the collection e�ciency versus waveguide radius
and wavelength. (c) Detailed scan of the collection e�ciency versus waveguide radius
at a �xed vacuum wavelength of 680 nm, corresponding to a cut through (b) along the
dashed line.

Figure 7.5a shows calculated intensity distributions at a �xed emi�er vacuum wave-
length of 680 nm for a well-matched (middle), a smaller (le�), and a larger (right) waveguide
radius A and for a �xed arc radius of ' = 5 µm. A heatmap of the collection e�ciency at
di�erent values of waveguide radius and wavelength is shown in �g. 7.5b. In the range
of the NV emission spectrum (630 nm to 800 nm), best values are obtained for waveguide
radii between 200 nm to 300 nm. Figure 7.5c shows a cut through these data. �e maxi-
mum collection e�ciency obtained is about 80%. �e oscillatory intensity variations are
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likely due to re�ections at the glass interface and the waveguide crossing that introduce a
standing wave pa�ern.

�e fabricated structures were wri�en with these simulations in mind. Due to fabri-
cation limitations and the inherently asymmetric focus[128, 135], the radius of the �nal
waveguides was A ‖ = 0.2 µm parallel to the (xy) substrate plane and A⊥ = 0.4 µm in the
normal (z) direction as estimated from electron micrographs (see �g. 7.2b).

In almost all experiments so far, waveguide-coupled photon emi�ers have been excited
via free-space laser beams. �e reason is that excitation light, which is guided in a waveg-
uide as well, would induce too much background �uorescence and Raman sca�ering, spoil-
ing the single-photon signal. �e designed structure alleviates this problem. �e excitation
light can be guided in one arc to excite the single NV center in a nanodiamond in the mid-
dle of the crossing point. �e second crossed waveguide e�ciently collects the emi�ed
single photons, but only ine�ciently collects background �uorescence accumulated in the
excitation waveguide. In order to show this functionality, the writing setup was used in a
modi�ed way such that optically pumping via any one of the four waveguide ports could
be achieved while detecting at any other port. To separate the excitation from the detection
volume, a mirror in the optical path was tilted imaging the sample plane onto an interme-
diate image plane. In this fashion, the position of the pinhole relative to the intermediate
image plane was e�ectively moved.

An experimental evaluation of an exemplary resulting structure is shown in �g. 7.6. Mea-
sured 6 (2) traces that show how the antibunching behavior is preserved are depicted in
�gs. 7.6a and 7.6c. �e respective excitation and detection geometries are illustrated by
the insets. For excitation and detection via one port of the orthogonal waveguide (�g. 7.6a)
, the �t to the raw data yields 6 (2) (0) = 0.21 (0.26 for the other port of the orthogonal
waveguide). As expected, when using only a single waveguide in �g. 7.6c, more back-
ground �uorescence is accumulated (also see �g. 7.6b), leading to a deteriorated value of
6 (2) (0) = 0.62. �us, the value of 6 (2) (0) = 0.21 for detection at the orthogonal port
represents a three-fold improvement. Saturation curves are shown in �gs. 7.6b and 7.6d,
exhibiting maximum single-photon emission rates around 40 000 counts/s, which can be
compared with corresponding typical maximum values of 250 000 counts/s for the se�ing
of bare emi�ers on a cover slide measured with the same setup. A comparison of the pho-
toluminescence signals for reference structure that were wri�en with identical parameters
but without a single-photon emi�er (blue curves) again shows the improved background
suppression due to the crossed-arc waveguide geometry.
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Figure 7.6. Characterization of single-photon collection from crossed-arc waveguides (a) Struc-
ture with a single-photon emi�er in the crossing. �e blue dots are correlated raw data
of measurements, the orange curve is a corresponding �t. Excitation was at 561 nm
wavelength and 900 µW incident power. �e inset illustrates that detection (red) is
from the orthogonal waveguide with respect to the excitation (green). (b) �e photo-
luminescence saturation curves compare the count rates of the structure with (blue)
and a reference structure without (red) a single-photon emi�er in the crossing. (c) (d)
are the same as (a) (b), but for detection from the excited waveguide.
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7.4. Conclusion

In this chapter, a localization-selection lithography approach and a low-�uorescence pho-
toresist to fabricate three-dimensional quantum optical functional elements were intro-
duced. �e developed method is highly scalable, possesses high yield and can be fully
automated. �e produced structures allowed for on-chip routing of the excitation as well
as the detection light without tainting the quantum nature of the single-photon emi�er.
As a next step, the waveguides could also be aligned with respect to the a priori randomly
oriented emi�er dipoles. Another a�ractive possibility is to introduce a second fabrication
step, for example, partial metalization in order to fabricate pre-aligned three-dimensional
plasmonic antennas to enhance single-photon emission or microwave antennas to perform
optically detected magnetic resonance (ODMR). Finally, the platform is fully compatible
with micro�uidics. �erefore, besides quantum optics, the approach could be useful for ad-
vanced nano-sensors in which photon generation, collection as well as optically-enhanced
ODMR would all be integrated in one multi-functional element.



Summary of the Results and
Outlook
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Summary of the Results

�e subject of the presented work was the investigation of new ways to realize integrated
quantum optical devices based on solid-state single-photon emi�ers. �is subject was ap-
proached from two angles: On the one hand, novel quantum emi�ers in hBN were charac-
terized and classi�ed by the means of their photophysics. �is new addition to the emi�er
zoo showed remarkable properties like an exceptional brightness and narrow emission
line at room temperature and a complex photophysics that could be harnessed in a super-
resolution microscopy scheme. On the other hand, a fabrication method that allows for
integrating such solid-state emi�ers into functional optical devices was introduced.

To provide an instructive insight into the topic, the text was divided into two main parts
of which the �rst one, consisting of chapters 1 to 3, provided the theoretical foundation of
the experiments performed in the individual chapters 4 to 7 of the second part.

Part I

�e �rst part of this thesis introduced basic aspects of single-photon generation and detec-
tion in the context of solid-state emi�ers. In particular, �rst- and second-order correlation
measurements were introduced as tools to identify quantum emi�ers and study their photo-
dynamics. �e experimental requirements and computational methods to record a photon
stream in an optical microscopy setup and evaluate the 6 (2) -function were discussed along
with their current technical limitations. With this background, an e�cient implementa-
tion of the correlation algorithm was developed that greatly reduced the computation time
needed for the analysis of a typical measurement from several minutes to a few seconds
when compared to state-of-the-art commercial implementations. �is reduction enabled
the swi� calculation of6 (2) -functions for correlation windows up to several milliseconds at
timing resolutions down to picoseconds that are required to observe the single-photon an-
tibunching feature and the bunching behavior of multi-level quantum systems with slow
photodynamics at the same time. In previous works such an evaluation was simply not
feasible or required the use of approximations that potentially obscure any slow dynamics.
�e need for such e�cient evaluation methods became especially evident in the second
part of the thesis where hBN emi�ers that show such slow photodynamics are analyzed in
detail.

Part II

In chapter 4, the zero-phonon line of a single emi�er in hBN was analyzed thoroughly. First,
the lineshape and its central position were measured for temperatures ranging from 4 K to
room temperature. �e resulting temperature dependence — a ) 2.94(1) and ) 3,39(1) power
law for the line broadening and the energy shi� respectively — was found to be similar
to the behavior in other solid-state defect systems where it was a�ributed to a �uctuat-
ing impurity-rich environment. Next, the lower linewidth limit at cryogenic temperatures
was investigated by the means of �rst and second-order coherence measurements. �e
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obtained value of 81(1) ns translates to a width of ∼6.5 GHz, which is roughly 200 times
larger than the Fourier-limited value of ∼32 MHz. Second-order coherence measurements
performed with a modi�ed HBT interferometer traced this broadening mechanism back
to random spectral jumps — ultrafast spectral di�usion — with an average time between
jumps of several microseconds. �e results of this chapter provide important insights into
the relaxation processes of quantum emi�ers in hBN, which is mandatory to evaluate their
applicability for quantum information processing.

In chapter 5, an exhaustive statistical analysis of the photon streams of an entire class of
single emi�ers in hBN recorded for one- and two-laser excitation schemes at multiple exci-
tation power combinations was performed. It revealed highly non-linear �uorescence satu-
ration behaviors that could be manipulated all-optically via the co-aligned laser excitation
scheme: Adding a weak 532-nm repump laser (10 µW) to the 708-nm non-resonant excita-
tion laser decreased the needed intensity %sat to saturate a chosen emi�er almost tenfold
from 20(1)mW to 3.1 mW. A rate model conform with the �ndings was developed. �is
rate model was put to use in the new modality of super-resolution microscopy presented
in chapter 6. Here, the expected �uorescence response was �rst calculated for di�erent
beam pro�les of a single or two co-aligned lasers when scanning them over hBN emi�ers.
�ese calculations were con�rmed in an experiment where it was possible to achieve a
minimum spacial resolution of 63(4) nm. Increasing the resolution or reducing the needed
laser power to reach a speci�c resolution target is crucial for biological applications where
a certain damage-threshold must not be exceeded.

�e last chapter of the second part (chapter 7) showed how integrated nano structures
that combine quantum emi�ers and on chip-waveguides can be fabricated by the means
of aligned two-photon laser polymerization. Two crossed-arc waveguides with a single
NV in the center were chosen as a showcase of this versatile technique. Numerical sim-
ulations were performed to �nd the optimal parameters for a structure with maximum
performance in terms of background suppression and emi�er coupling e�ciency as well
as single-photon yield. Structures were produced according to the found parameters and
their functionality was con�rmed with second-order correlation measurements, which re-
sulted in a value of 6 (2) (0) = 0.21 for an excitation along one arc and detection along
the orthogonal arc. By demonstrating a method to integrate pre-characterized quantum
emi�ers into on-chip devices, these results therefore present a viable route to a scalable
platform for quantum networks.

Outlook

�is work provided an initial evaluation and characterization of emi�ers in hBN and a com-
patible fabrication method for integrating them into hybrid quantum methods was shown.
During its completion, the tempting promise of high brightness and narrow emission lines
at room temperature a�racted multiple research groups that performed experiments com-
plementary to the results shown here[136–139]. Unfortunately, despite all e�orts, the exact
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origin and atomic structure of the emi�er(s) remains still unknown. However, it was re-
cently shown that in almost all samples with at least micrometer-sized mono- or few-layer
�akes that were grown in a controlled CVD process, the emission lines of single emi�ers
preferably occurred around 580 nm[140, 141]. �is is of particular importance since a sys-
tematic appearance of the emission lines is another crucial step towards understanding the
underlying atomic structure. If the energy of the spectral line is more predictable, the fab-
rication of aligned laser-wri�en structures with hBN emi�ers might be worthwile. Replac-
ing NV centers with hBN defects in such structures would have two immediate advantages:
First, the new emi�er is inherently brighter. Second, its more narrow emission spectrum
allows for a be�er optimization of the coupling e�ciency and more e�ective spectral �lter-
ing against the polymer’s auto-�uorescence. Both e�ects combined could greatly enhance
the single-photon yield and purity of the integrated device.

Further, signatures of optically detected magnetic resonances (ODMR) were recently
recorded[142, 143]. �e results presented in this thesis already indicated a complex pho-
tophysics of the emi�er. �e presence of an optically controllable spin state is therefore
not surprising. However, actually measuring an ODMR contrast still emphasizes the im-
portance of the system and draws signi�cant a�ention to it. It enables a whole plethora of
experiments analog to the ones performed on the spin state of NV centers.

In summary, if hBN emi�ers become be�er understood and the already outstanding
optical properties could be actively controlled, they would potentially replace NV centers
as the de-facto standard solid-state single-photon source for numerous applications.
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A. Code Snippets

While writing this thesis, a considerable amount of code to was created to handle large
TCSPC data �les and e�ciently evaluate them. Most of it has been published as a Python
package under an open-source licence in [96] to make it easily available to other research
groups. In appendices A.1 and A.2, key elements of the code are shown and explained in
detail. �e so�ware was developed and tested on a standard 64 bit ubuntu 18.04 LTS instal-
lation. Anaconda was used to manage the Python 3.7 environment and its dependencies.
To this base installation, the packages in table A.1 were added.

Table A.1. Python libraries and their versions used for working with TCSPC data.

library version

numpy 1.15
cython 0.29
lm�t 0.9

matlplotlib 3.0

During the development, a quick way to generate dummy data that reproduces key fea-
tures of the performed experiments and allows for isolated tuning of the experimental
parameters was needed for sanity checking and code optimization. Monte Carlo simula-
tions are an optimal tool for this task. In section 3.2.3 an concrete implementation of a
single-photon experiment with losses and noise factors as described in �g. 3.1 wri�en in
Python is given in appendix A.3.

A.1. Reading TCSPC data files

�e commercially available PicoHarp 300 from Pico�ant — the time tagger used predom-
inantly throughout this thesis — reserves 32 bits for storing each detection event. During
the data acquisition, recorded events are wri�en in real time to a binary �le on the mea-
surement computer. �is makes continuous measurements possible, as long as there is
space on the hard drive of the computer. In order to evaluate a measurement, the binary
�le has to be converted from the binary format. �e �rst 4 bits of every record are reserved
to describe the detection event and the remaining 28 bits are used for the so-called micro-
time Cmicro. �e microtime is encoded as an unsigned integer and can be converted to real
units by multiplying with the set resolution At. At a maximum temporal resolution of the
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At = 4 ps, the timestamp over�ows a�er a li�le more than one millisecond:

COFL = 228 bit · 4 ps/bit = 1 073 741 824 ps . (A.1)

To overcome this limitation, the detection channel or special events like over�ows and ex-
ternal markers are encoded in the 4 bit pre�x of each entry. Here, values from 010 to 1410
mark the physical input channel on which the photon event was registered and a value
of 1510 = 11112 indicates a special marker.1 If the detection event is a special marker, the
four last microtime bits of the marker describe the type of special record. 00002 stands
for an over�ow entry, other values can stand for markers of external devices like position
inputs of confocal scanning systems. Since those four description bits are taken from the
timestamp, the time resolution of these markers is e�ectively reduced by 24 = 16 ·At, which
is usually negligible since this value is typically much smaller than the required accuracy
of external hardware markers. By counting the number of over�ows =OFL, multiplying
it with the over�ow value COFL, and adding the recorded 28 bit microtimestamp Cmicro the
total record time Ctotal with respect to the beginning of the measurement can be fully re-
constructed:

Ctotal = =OFL · COFL + Cmicro (A.2)

Depending on the requirements of the evaluation, the reconstructed timestamp can now be
saved as a 64 bit value to avoid over�ows or only as di�erential values to minimize memory
consumption.

�e following code snippet shows an implementation of the algorithm to reconstruct
the absolute timestamps from a raw data �le of a measurement performed with a Pico-
Harp 300 manufactured by Pico�ant. �e code is based on the demo code provided by
the manufacturer[144], but ported to python while making excessive use of numpy[145]
and its vectorization capabilities. Vectorization o�ers a massive speed-up in the raw data
processing time, but comes at the cost of memory usage since the relevant data needs to
be kept in memory. In this speci�c case, the 32 bit raw recordings are converted to 64 bit
�oat values. �ereby at least double the memory size as the initial data set needs to be
available. For today’s computers and typical measurement scenarios, this is usually not
a problem. However, for exceptionally large data sets or if multiple measurements need
to be evaluated at the same time, the conversion has to be split and cached onto the hard
drive.

1 impor t numpy as np
2

3 d e f r e a d p t 2 r e c o r d s ( f i d , n r e c o r d s ) :
4 # 4 ps i s the s t a n d a r d max r e s o l u t i o n o f the p i c o h a r p 300
5 r e s o l u t i o n = 4e−12
6 # wraparound i s raw the o v e r f l o w t ime v a l u e p r o v i d e d by p i c o q u a n t
7 wraparound = np . u i n t 6 4 ( 2 1 0 6 9 8 2 4 0 )
8 # read the r e c o r d s i n t o memory , each r e c o r d i s composed o f 32 b i t s
9 r e c o r d s = np . f r o m f i l e ( f i d , count = nrecords , d type = np . u i n t 3 2 )

1�e index marks the representation of the number (decimal or binary).
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10 # l a s t 28 b i t s a r e the t imestamp
11 t ime = np . b i t w i s e a n d ( i n t ( ’ 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ’ ,
12 base =2 ) , r e c o r d s )
13 # c o n v e r t i n g t o 64 b i t uns igned i n t e g e r
14 # −> t imestamp o v e r f l o w only every ∼ 2 . 4 y e a r s
15 t ime = np . u i n t 6 4 ( t ime )
16 # f i r s t 4 b i t s a r e the channe l and uns igned i n t e g e r i s s u f f i c i e n t
17 channe l = np . r i g h t s h i f t ( r e c o r d s , 2 8 )
18 channe l = np . u i n t 8 ( channe l )
19 # raw r e c o r d s a r e now u n n e c e s s a r y d e l e t e t o f r e e memory
20 d e l r e c o r d s
21 # i f the channe l i s 15 1 0 =1111 2 , then the r e c o r d i s s p e c i a l
22 marker = channe l == i n t ( ’ 1111 ’ , base =2 )
23 # f o r s p e c i a l r e c o r d s , the l a s t 4 t imestamp b i t s a r e marker b i t s
24 # i f marker i s 0 , i t i s an o v e r f l o w marker
25 o f l = marker & ( np . b i t w i s e a n d ( i n t ( ’ 1111 ’ , ba se =2 ) , t ime ) == 0 )
26 # g e t the marker channe l
27 marker channe l = np . b i t w i s e a n d ( i n t ( ’ 1111 ’ , ba se =2 ) ,
28 t ime [ marker & ∼ o f l ] )
29 # r e c o n s t r u c t i n g f u l l t imestamp
30 t ime += np . cumsum ( o f l m a r k e r , d type = np . u i n t 6 4 ) ∗ wraparound
31 t ime = t ime ∗ r e s o l u t i o n
32 # g e t the marker t imes tamps
33 marker t ime = t ime [ marker & ∼ o f l ]
34 # remove markers from a c t u a l photon r e c o r d s
35 channe l = channe l [∼marker ]
36 t ime = t ime [∼marker ]
37 # wrap the r e c o r d s and markers
38 r e c o r d s = np . r e c . a r r a y ( [ channel , t ime ] ,
39 dtype = [ ( ’ channe l ’ , np . u i n t 8 ) ,
40 ( ’ t imestamp ’ , np . f l o a t ) ] )
41 markers = np . r e c . a r r a y ( [ marker channe l , marker t ime ] ,
42 dtype = [ ( ’ marker ’ , np . u i n t 8 ) ,
43 ( ’ t imetamp ’ , np . f l o a t ) ] )
44 # r e t u r n the r e c o n s t r u c t e d r e c o r d a r r a y with c h a n n e l s / markers and

t imes tamps
45 r e t u r n r e c o r d s , markers

�is code returns two one-dimensional arrays with two columns each. �e columns
of both arrays are the channel or marker description respectively and the corresponding
timestamp.
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A.2. Second-Order Correlation of Time-Tagged Photon
Stream Data

�e following snippet shows the parallel cython implementation of the second-order cor-
relation described in section 3.2.2 for TCSPC data. �is function is generally not called
directly but wrapped by high-level functions of the nanooptics Python library[96].

1 # impor t n e c e s s a r y python and cython l i b r a r i e s
2 impor t numpy as np
3 c impor t numpy as np
4 from cython . p a r a l l e l impor t prange
5 c impor t cython
6

7 # c o m p i l e r o p t i m i z a t i o n s f o r cython l o o p s and math
8 @cython . c d i v i s i o n
9 @cython . boundscheck ( F a l s e )

10 @cython . wraparound ( F a l s e )
11 c d e f p o p t c o r r ( np . ndar ray [ np . u i n t 8 t , ndim =1] channel ,
12 np . ndar ray [ np . u i n t 6 4 t , ndim =1] t imestamp ,
13 np . u i n t 6 4 t c u t o f f t i m e ,
14 np . i n t t chan0 =0 ,
15 np . i n t t chan1 =1 ) :
16 # d e f i n e cython v a r i a b l e s and s e t t y p e s b e f o r e usage
17 c d e f i n t t i m e s t a m p l e n = l e n ( t imestamp )
18 c d e f i n t i , j
19 c d e f np . u i n t 6 4 t t au
20 c d e f np . d o u b l e t [ : ] g 2 u n n o r m a l i z e d = np . z e r o s ( 2 ∗ c u t o f f t i m e ,
21 dtype =np . doub le )
22 # i m p l e m e n t a t i o n o f the a c t u a l c o r r e l a t i o n as a n e s t e d fo r − l oop
23 f o r i i n prange ( t i m e s t a m p l e n , n o g i l =True ) :
24 i f channe l [ i ] == chan0 :
25 f o r j i n range ( i +1 , t i m e s t a m p l e n ) :
26 t au = t imestamp [ j ] − t imestamp [ i ]
27 i f t au >= c u t o f f t i m e :
28 break
29 i f channe l [ j ] == chan1 :
30 g 2 u n n o r m a l i z e d [ t au + c u t o f f t i m e ] += 1
31 # i t i s c o m p u t a t i o n a l l y ” cheap ” t o a l s o c o r r e l a t e from z e r o t o
32 # − c u t o f f t m e i f we a r e a l r e a d y running the o u t e r loop , l e t ’ s do i t
33 e l i f channe l [ i ] == chan1 :
34 f o r j i n range ( i +1 , t i m e s t a m p l e n ) :
35 t au = t imestamp [ j ] − t imestamp [ i ]
36 i f t au > c u t o f f t i m e :
37 break
38 i f channe l [ j ] == chan0 :
39 g 2 u n n o r m a l i z e d [ c u t o f f t i m e − t au ] += 1
40 r e t u r n g 2 u n n o r m a l i z e d
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A.3. Monte Carlo Simulation of a realistic TCSPC experiment

�e following script simulates the single-photon behavior and photon statics of a basic Han-
bury Brown and Twiss experiment using Monte Carlo methods. �e investigated single-
photon emi�er is a simple three-level-system with ground state, excited state and a long-
living shelving state similar to what is observed in typical NV center experiments.

In the �rst block, the numpy library is loaded and the experimental parameters are de-
�ned. �e chosen values are comparable typical single-photon emi�ers and optical com-
ponents with only the total detection e�ciency being chosen exceptionally high in order
to be�er show the in�uence of the detector deadtime discussed in section 3.1.3.

1 # numpy p r o v i d e s the t o o l s f o r v e c t o r i z e d , random sampl ing
2 impor t numpy as np
3

4 # number o f e x c i t a t i o n c y c l e s
5 N = 10000000
6

7 t r a d i a t i v e d e c a y = 20 e−9
8 t s h e l v i n g = 100 e−9
9 t d e s h e l v i n g = 250 e−9

10

11 # e x p e r i m e n t a l s e t u p p a r a m e t e r s
12 e f f i c i e n c y = . 8 # o v e r a l l d e t e c t i o n e f f i c i e n c y
13 d e a d t i m e = 200 e−9 # d e t e c t o r deadt ime
14 o f f s e t = 100 e−9 # t ime o f f s e t between d e t e c t o r s
15 b s t r a n s m i t t = 0 . 5 # t r a n s m i t t a n c e o f the beam s p l i t t e r

In the second code block, the photophysics of the three-level-system is implemented.
A full photo cycle consists of the excitation and either a direct radiative decay or a non-
radiative decay via a shelving state. In line 16-20, # random timesamples for every tran-
sition involved in this process are created and stored in a vector. Using vector operations
is key in high performance numerical computing as today’s processors are optimized for
vectorized operations. Here, we can employ vectorization since every excitation cycle is
independent of the next cycle. Photons are emi�ed if the radiative decay time is shorter
than the shelving decay time for each cycle (line 23). If a photon is emi�ed, the total time
for one cycle is the sum of the excitation time and the radiative decay time or otherwise the
sum of the excitation time the shelving time and deshelving time (line 26-29). �e photons
are detected sequentially, so the detection times are the cumulative sum of the total photon
delays if a photon was emi�ed (line 32).

16 # c r e a t e N random d e l a y t i m e s f o r each t r a n s i t i o n
17 e x c i t e d e l a y s = np . random . e x p o n e n t i a l ( t e x c i t e , N)
18 r a d i a t i v e d e l a y s = np . random . e x p o n e n t i a l ( t r a d i a t i v e d e c a y , N)
19 s h e l v i n g d e l a y s = np . random . e x p o n e n t i a l ( t s h e l v i n g , N)
20 d e s h e l v i n g d e l a y s = np . random . e x p o n e n t i a l ( t d e s h e l v i n g , N)
21

22 # i s the t r a n s i t i o n r a d i a t i v e and a r e photon e m i t t e d ?
23 p h o t o n e m i t t e d = r a d i a t i v e d e l a y s < s h e l v i n g d e l a y s
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24

25 # c a l c u l a t e the t o t a l d e l a y t i m e s between photons based on decay path
26 t o t a l p h o t o n d e l a y s = e x c i t e d e l a y s \
27 + np . choose ( p h o t o n e m i t t e d ,
28 [ s h e l v i n g d e l a y s + d e s h e l v i n g d e l a y s ,
29 r a d i a t i v e d e l a y s ] )
30

31 # c a l c u l a t e s u c c e s s i v e photon a r r i v a l t i m e s
32 a r r i v a l t i m e s = np . cumsum ( t o t a l p h o t o n d e l a y s ) [ p h o t o n e m i t t e d ]

A�er modeling the emi�er’s photodynamics, the in�uence of the experimental setup is
considered in the next code block. Detection events are dropped from the photon stream to
account for a non-perfect detection e�ciency (line 34-37). �e beam spli�er then divides
the remaining photon stream into two detection paths 0 and 1, according to its transmit-
tance (line 40). Based on this choice, the arrival time vector is separated into two parts —
one for each detection path and the photons arriving during the deadtime on each path are
dropped (lines 59-61). �e function de�ned in lines 48-57 performs the deadtime selection.
Finally, the detection time o�set between both channels due to optical and electrical path
length di�erences is added to one channel and the resulting vectors are joined and sorted
again.

33 # remove l o s t photons due t o i m p e r f e c t c o l l e c t i o n
34 p h o t o n l o s t = np . random . c h o i c e ( [ True , F a l s e ] ,
35 p=[1− e f f i c i e n c y , e f f i c i e n c y ] ,
36 s i z e = a r r i v a l t i m e s . s i z e )
37 a r r i v a l t i m e s = a r r i v a l t i m e s [∼p h o t o n l o s t ]
38

39 # s e l e c t a d e t e c t i o n path a f t e r beam s p l i t t e r
40 path = np . random . c h o i c e ( [ 0 , 1 ] ,
41 p =[ b s t r a n s m i t t , 1− b s t r a n s m i t t ] ,
42 s i z e = a r r i v a l t i m e s . s i z e )
43

44 # s e p e r a t e photons a t beam s p l i t t e r o u t p u t 0 and 1
45 a r r i v a l t i m e s 0 = a r r i v a l t i m e s [ path ==0]
46 a r r i v a l t i m e s 1 = a r r i v a l t i m e s [ path ==1]
47

48 # f u n c t i o n t h a t d e t e r m i n e s i f a r r i v a l s a r e i n deadt ime
49 d e f i n d e a d t i m e ( a r r i v a l t i m e s , d e a d t i m e ) :
50 dead = np . ones ( l e n ( a r r i v a l t i m e s , d type = b o o l )
51 l a s t d e t e c t i o n = 0
52 f o r i , t i n enumerate ( a r r i v a l t i m e s ) :
53 d t = t − l a s t d e t e c t i o n
54 i f d t > d e a d t i m e :
55 l a s t d e t e c t i o n = t
56 dead [ i ] = F a l s e
57 r e t u r n dead
58

59 # g e t photons t h a t a r r i v e d d ur i ng each d e t e c t o r s deadt ime
60 dead 0 = i n d e a d t i m e ( a r r i v a l t i m e s 0 , d e a d t i m e )
61 dead 1 = i n d e a d t i m e ( a r r i v a l t i m e s 1 , d e a d t i m e )
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62

63 # remove deadt ime photons from a l l r e c o r d s
64 a r r i v a l t i m e s 0 = a r r i v a l t i m e s 0 [∼dead 0 ]
65 a r r i v a l t i m e s 1 = a r r i v a l t i m e s 1 [∼dead 1 ]
66 c h a n n e l 0 = path [ path ==0] [∼dead 0 ]
67 c h a n n e l 1 = path [ path ==1] [∼dead 1 ]
68

69 # app ly p h y s i c a l o f f s e t t o channe l 1
70 a r r i v a l t i m e s 1 += o f f s e t
71

72 # merge a r r a y s a g a i n
73 a r r i v a l t i m e s = np . c o n c a t e n a t e ( [ a r r i v a l t i m e s 0 , a r r i v a l t i m e s 1 ] )
74 c h a n n e l s = np . c o n c a t e n a t e ( [ channe l 0 , c h a n n e l 1 ] )
75

76 # t i m e s a r e now scr amb led − so a f i n a l t ime s o r t i n g i s needed
77 s o r t e d i n d e x = np . a r g s o r t ( a r r i v a l t i m e s )
78 a r r i v a l t i m e s = a r r i v a l t i m e s [ s o r t e d i n d e x ]
79 c h a n n e l s = c h a n n e l s [ s o r t e d i n d e x ]

Figure A.1 shows a second-order auto correlation of a data set created with the described
methods and parameters. �e resulting graph reproduces the experimental results well.
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Figure A.1. Second-order correlation function 6 (2) (g) of a dummy data set produced with the de-
scribed Monte Carlo methods. �e simulation replicates the characteristic bunching
and anti bunching features of a three-level single-photon emi�er HBT-measurement.





B. Instrument Response Functions

�e result of every measurement is inherently a�ected and also limited by the tools used to
conduct the measurement. However, it is however o�en possible to quantify the in�uence
of the measurement device by measuring a known reference. Earlier in this thesis, in sec-
tion 3.1.1, the point spread function was introduced as the response of an optical imaging
setup to a point emi�er far below the di�raction limit. In the following, the instrument
response functions (IRF) for the spectrometer and the time correlation system will be de-
termined in similar ways by measuring features that are known to be much more sharp
than the instrument resolution. As the measurement result is formally a convolution of the
response of the investigated system and the IRF, the original response can be reconstructed
via a mathematical deconvolution.

B.1. Spectrometer Response Function

�e spectrometer response function can be measured by observing a spectral line much
narrower than the spectrometer resolution. In the experiments conducted in chapter 4,
a single-mode diode laser (Velocity TLB-6704, New Focus) at a wavelength of ∼637 nm —
close to the emi�er wavelength — and a speci�ed linewidth <300 kHz was used for this task.
�e laser was a�enuated and re�ected o� the sample surface to maintain the same light
path as in the actual experiment. �e resulting IRF is shown in �g. B.1. Fi�ing di�erent
line pro�les to the data reveals the Voigt-like shape with a Lorentzian FWHM contribu-
tion of 5 spec

L = 3.72(10) GHz and a more prominent Gaussian FWHM contribution with of
5

spec
G = 20.85(7) GHz. Since an emi�er’s emission line also takes the form of a Voigt pro-

�le, the resulting �nal measurement is a convolution of two Voigt pro�les. Convolutions
form a commutative and associative algebra[146] so that for three distributions 5 , 6, ℎ, the
following relations hold:

5 ∗ 6 = 6 ∗ 5 (B.1)
(5 ∗ 6) ∗ ℎ = 5 ∗ (6 ∗ ℎ) (B.2)

�erefore, the convolution of two Voigt pro�les E1 = 61 ∗ ;1 and E2 = 62 ∗ ;2 that are each
convolutions of a Gauss and a Lorentz pro�le (61/2, ;1/2) themselves, yields another Voigt
pro�le:

Etotal = E1 ∗ E2 = (61 ∗ 62)︸   ︷︷   ︸
6total

∗ (;1 ∗ ;2)︸  ︷︷  ︸
;total

(B.3)
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Further, if two Gauss or two Lorentz distributions are convoluted, the result will again be a
Gauss or a Lorentz distribution respectively. It can then be shown[147] that the full width
half maxima of the resulting total distributions add as follows:

5 total
L = 5L + 5 spec

L (B.4)

5 total
G

2
= 5 2

G + 5 spec
G

2
. (B.5)

�us, the contributions of an investigated emission line can be reconstructed from the total
measurement by correcting with the IRF:

5L = 5 total
L − 5 spec

L (B.6)

5G =

√
5 total
G

2 − 5 spec
G

2 (B.7)
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Figure B.1. Spectrometer instrument response function ��ed to di�erent line pro�les. �e data
is approximated best by the Voigt pro�le with a Lorentzian FWHM of 5!,B?42 =

3.72(10) GHz and the Gaussian FWHM of 5 spec
G = 20.85(7) GHz.

B.2. TCSPC Response Function

�e response function of the correlation hardware can be determined by correlating the
signal of a picosecond-pulsed laser. In the experiments conducted in chapter 4, a pulsed
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single-mode laser (LDH-P-FA-530, Pico�ant) at a wavelength of 532 nm and a speci�ed
pulsewidth of 100 ps was used for this task. �e laser was a�enuated and re�ected o� the
sample surface to maintain the same light path as in the actual experiment. �e result-
ing IRF is shown in �g. B.2. Fi�ing a Gaussian to the data reveals a FWHM of 5 corr

G =

1.855(3) × 10−9 s. �is is in line with the speci�cations of the used APDs (COUNT20,
LASERCOMPONENTS) that claim a timing resolution of 1 × 10−9 s for a single module.
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Figure B.2. Instrument response function of the correlation hardware. �e data is well approxi-
mated by a Gaussian �t with a FWHM of 5G = 1.855(3) × 10−9 s.





C. Strategies for Fi�ing
Temperature-Dependent Spectral Lines

As stated in section 2.2 the general line shape of a solid-state emi�er takes the shape
of a Voigt pro�le, with a Gaussian and a Lorentzian contribution. �e following two �
and �g. C.2 show that ��ing such a line without restricting the �t parameters does o�en
not yield satisfying results. �e reason for this is the strong correlation of the contribution
of both parameters to the �t function. Because of this correlation the resulting �t does not
reliably converge to a global optimum.
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Figure C.1. Unrestrained Lorentz �ts for spectra at di�erent temperatures. �is �gure shows the
same measurement data as �g. 4.3. It depicts the temperature dependence of the ZPL
of the selected hBN emi�er in chapter 4 when cooled down from room temperature to
cryogenic temperatures. �e data is again ��ed with a Voigt pro�le, but this time both
— the Gaussian and the Lorentzian contribution to the Voigt — are le� unrestrained
throughout the whole temperature range. While this does not e�ect the parameter
obtained for the central peak position, the FWHM values 5G and 5F vary as they are
strongly correlated �t parameters.
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[85] S. Kim, J. E. Fröch, J. Christian, M. Straw, J. Bishop, D. Totonjian, K. Watanabe, T.
Taniguchi, M. Toth, and I. Aharonovich. ‘Photonic Crystal Cavities from Hexag-
onal Boron Nitride’. In: Nature Communications 9.1 (July 5, 2018), pp. 1–8. doi:
10.1038/s41467-018-05117-4 (cit. on p. 40).

[86] N. Chejanovsky, M. Rezai, F. Paolucci, Y. Kim, T. Rendler, W. Rouabeh, F. Fávaro de
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