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Abbreviations

NV nitrogen-vacancy

ND nanodiamond

HBT Hanbury-Brown and Twiss
DLW direct laser writing

STED stimulated emission depletion

ODMR optically detected magnetic resonance

ESR electronic-spin-resonant
AFM atomic force microscope
2PA two-photon absorption
1PA one-photon absorption
PETA pentaerythritol triacrylate

PETTA pentaerythritol tetraacrylate
TMPTA trimethylolpropane triacrylate

PDMS polydimethylsiloxane

DETC 7-diethylamino-3-thenoylcoumarin
cW continuous-wave
NA numerical aperture

EMCCD  electron multiplying charge coupled device
APD avalanche photodiode
CCD charge coupled device

PDMD polarization-dependent fluorescence intensity modulation depth






1. Introduction

Since the beginning of the twentieth century, the emerging of the quantum mechanics
theory [1] has changed the concept of light at a fundamental level. Photons are found
to be capable of being on-demand generated and manipulated with high precision and
predictions [2], and carrying information with much higher speed than electronic
devices. In the future, optical and photonic devices are expected to have higher
performance and possess potentials in wide fields and even to replace the electronic
counterparts.

To date, the theory of quantum mechanics has heavily extended the scope of the
property of objects and made it possible to clarify what was hard to be understood with
the classical theory, such as instantaneously connecting two separate objects with
quantum entanglement [3] and superposition of a single object. Harnessing quantum
properties of a system such as manipulating quantum bits of a single photon has a
promising implementation for information storing and processing [4]. With the method
of the quantum key distribution, information can be exchanged in a more secret and
secure manner [4]. The greatly exciting innovation of quantum computer [5], which is
believed to perform much faster than the classical computer alone with the quantum
algorithms [6], can be achieved. It provides solutions to problems that are not able to
be solved by the classical computer. Moreover, quantum theory extends the ability of
people to describe a physical system with much higher resolution, sensitivity, and
accuracy such as phase measurements with trapped ions [7], magnetometry with cold
atomic ensembles [8-10], which is called quantum metrology [11].

To practically enjoy the benefits of quantum, especially the quantum optical,
technology, crucial requirements have to be fulfilled. Ideally, the generation of single
photons should be on demand with high quantum efficiency and certain initial states.
Additionally, optical components such as mirrors, beam splitters, detectors, and fibers
in the macroscopic world are required to be built and aligned in the form of their
counterparts in the quantum mechanical world. The development of lithography
techniques has realized fabrication of micro-scale quantum-photonic components [12-
15]. However, building a three-dimensional (3D) hybrid system that contains single-
photon sources and the on-demand-fabricated quantum-photonic components is still a
remaining task.

This thesis deals with the implementation problem of combining hybrid quantum-
photonic components with well-characterized single-photon sources. The method and
experiments presented in this work exhibit high fabrication yield and photon collection
efficiency due to the optimized working procedure. The single-photon sources are
spatially fixed and pre-characterized which enables on-demand fabrication of quantum-
photonic components with individual coupling.
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In Chapter 2, the concept of photons with the quantum mechanical theory is introduced.
This concept is used throughout the whole thesis. The definition of single photons and
the single-photon source is explained starting from the photon distribution statistic and
the indistinguishability of photons, followed by the types of single-photon sources. In
the experimental point of view, the detection scheme of single-photon emission is
shown. Specifically, the NV center in nanodiamonds (NDs) is introduced as the single-
photon source used in this work. Besides, the commonly used method for 3D mapping
of emitters, the laser scanning confocal fluorescence microscope, is introduced.
Afterwards, direct laser writing (DLW) technique enables fabrication of nearly
arbitrarily shaped 3D structures is demonstrated.

Chapter 3 demonstrates the integrated setup for fabrication of 3D quantum components
with pre-characterized single NV centers at desired positions. The method to combine
and align the laser scanning confocal fluorescence microscope with the DLW
technique is demonstrated. This integrated setup offers ultra-high accuracy to on-
demand integrate single-photon sources to the quantum components. Exemplary
experiments of characterizing NV centers in photoresist, including 3D localization of
NV center, the second-order correlation measurement, photoluminescence (PL)
saturation measurement and the determination of NV center dipole orientations, are
demonstrated.

Chapter 4 solves a fundamental problem of the background fluorescence from the
polymer structure where single-photon emitters are embedded. The background signal
is a killer for the single-photon emission and is heavily impeding the practical
application of the single-photon source [16-17]. Here, a recipe of a photoresist showing
low background fluorescence intensity both before and after being polymerized is
achieved.

Chapter 5 shows a hybrid micro-antenna with improved capability to efficiently collect
single photons from embedded single NV centers by its functionality of redistribution
of the emission pattern. However, a problem arises in the structure. The background
fluorescence influences the characterization of detected single-photon emission, and
the redistribution of emission pattern restricts the collection efficiency in the confocal
scheme. Another design with the hemispherical shape hybrid antenna is demonstrated
later in this chapter, which exhibits both improved collection efficiency of single NV
centers and low background level under confocal detection scheme.

In Chapter 6, experiments of integrating well-aligned laser-written polymer waveguides
to quantum-components fabricated by another platform with embedded single-photon
sources are demonstrated. In the first experiment, the pre-fabricated Si;N4 waveguides
are interconnected by a laser written polymer waveguide. Within the polymer
waveguide, a single NV center is embedded on-demand. A similar method is used to
couple NV centers into the tapered fiber in the later experiment. In both experiments,
post-characterization of NV centers show distinct single-photon emission.
8



In Chapter 7, functional laser-written quantum-photonic components are introduced. In
a particular design, single-photon emission from an embedded single NV center is
effectively guided and collected from the structure and the design realizes on-chip
photon stream splitting and background fluorescence filtering. The other structure
acting as an integrated single-photon source network wires up more than one single NV
centers and offers multiple inputs and outputs for selectively pumping individual NV
centers and collecting single photons.

In the last chapter, Chapter 8, the experiments and techniques in this work is reviewed
and a brief outlook is given.



2. Fundamentals

This work aims at a method to access single-photon sources with laser written
microstructures. The scope of this work involves some fundamental concepts that are
not frequently used in our daily life. Thus, this thesis starts with the introduction of
them and the explaining why they are important in our point of view.

2.1. Single photons

What is a photon? A photon is an elementary excitation of a single mode of the
quantized electromagnetic field [18]. Originally, the word “photon” refers to light. In
1900, the father of the quantum physics, Max Planck introduced energy quanta to
describe the radiation of a blackbody. In 1905, the concept of light quantum (German:
das Lichtquant) was adopted by Einstein to explain the photoelectric effect [19-21],
which makes the application of solar power possible. In 1916, the American physicist
Leonard T. Troland created the word photon. In short, photons are the fundamental
particles of light with a unique property that they are both wave and particle. Unlike
other elementary particles, photons have some characteristics specifying themselves:

® They travel with a constant velocity of ¢ = 2.9979x108 m/s in vacuum.
® They have no rest mass and electric charge.

® They can interact as particles with electrons and other particles, such as
Compton effect.

® They can interfere with themselves.

® They carry discrete amounts of energy and momentum according to

E = hv,

- 2.1.1
P=7 ( )

where h is Planck's constant, v is the frequency of the light and A4 is wavelength.

The introduction of photons is an extension to the classical theory of electrodynamics
and opens the door to the quantum physics. Although the classical theories can be used
to explain many phenomena in electrodynamics, the introduction of quantum physics
can explain more subtle effects such as photon anti-bunching (see section 2.1.2),
electron-positron annihilation effect and the photoelectric effect.
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2.1.1. Photon Statistics

Generally, the number of particles in a given system is assumed to be a fixed number.
This assumption is valid for particles with non-zero mass and breaks down for photons.
When counting photons, the average count rate is determined by the light intensity but
the photon number distributions depend on the photon source. The photon probability
distribution describes how a light source emits photons. According to such statistics,
photon sources can be divided into three categories, namely thermal light sources,
coherent light sources and single-photon sources.

The world people see in our daily life is generally lightened by photons from thermal
or chaotic light sources such as the sun or light bulbs. Thermal light sources, as the
name implies, create photons by a thermal process, in which many tightly packed atoms
are emitting photons independently. Each excited atom returns to a lower energy state
and emits one photon with some certain energy. For a thermal light source, the
probability distribution for the detection of n photons p(n) in a certain time period
follows the Bose-Einstein distribution [22-24]:

.ﬁn
p(n) = A+ (2.1.2)

where 7 is the average photon number in the certain time period.

Lasers, on the contrary, produce photons in a more uniform way in space and time. The
emitted photons possess the same wavelength and a defined phase relationship. The
photon number for the coherent photon state distribution follows a Poisson distribution
[22-23]:

-7

n"e

p() =——. 2.13)

Photons from thermal sources like an incandescent light bulb prefer to propagate in
groups and the temporal fluctuation is large. Whereas, the coherent photon state from
lasers fluctuates less with random spacing. These lead to a lack of ability of
experimentally inspecting at the single photon level. The production of photon streams,
in which the photons are completely separated, is crucial for quantum information
processing especially in the field of the quantum photonic. Such a non-classical photon
state is called a single-photon state (Figure 2.1). Unlike the classical light states, it
possesses extraordinary properties that can be well explained by the quantum theory. A
more quantitative description of photon sources will be given in the following sections.
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Figure 2.1 Photon-arrival distribution as a function of time for thermal light, coherent

light and single-photon source.

2.1.2. Correlation functions

Studying the behavior of photons, one may specify the problem: if one has detected one
photon at time t,, how likely is it to detect another photon at time ¢, + t? It should be
known if there is any correlation between the two successive photons. To answer this
question, it is necessary to introduce the concepts of first- and second-order correlation
functions.

First-order correlation functions:

To understand the first-order correlation, one can take a close look at Young's double
slit experiment. If a coherent (the degree of correlation between two or more light
sources can be quantified by the concept of coherence) light source illuminates two slits,
an interference fringe pattern emerges at the image screen behind it. The electric field
at position r; and time t; is denoted by E (1, t1). Thus, the superposition electric
fields E (r,t) attime t given by the propagation distance from the two slits r; and
T, to the given point r on the screen, can be expressed as:

E(r, t) = E1(T1; ty) + EZ (12, t2). (2.1.4)

And the measured intensity of the electric field is:

(10, 0) < (|E@, 0 = (Bt t)] ) + (| B )] ) (2.1.5)

+2Re[(E; (11, t1) Ex (12, t2))],

where (E ) indicates the time average of a measured electric field. The first two terms
represent the unrelated intensities from the two slits whereas the third term corresponds
to the correlation of the electric fields from two slits and hence, determines the visibility
of the fringes. The normalized third term is called the first-order correlation function
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g® (1,13, 7), where T is the time difference between t; and t,:

(E;"(ri, Ey (13, t + 1))
(51*(7”1,15))(5'2 (r, t + 1)) (2.1.6)

g(l) (7"1,7"2: '[) =

The situation can be simplified either by performing the measurement at the same time
1.e. T =0, or by measuring the two fields at different times but at the same position
i.e. 1, = 1,. In the former case, one gets the spatial first-order correlation function:
g® (rl_rz, T) = g (1, 17), while in the latter case, the temporal first-order correlation
function is obtained: g (ry 1y, 7) = g (7).

The physical meaning of the first-order correlation function can be understood by
defining the visibility of the interference fringes:

V= Imax - Imin

Imax + Imin. (2-1-7)
Given fixing light sources, according to equation (2.1.5) and equation (2.1.7), the
visible intensity of the interference fringe pattern varies in the range between
+2|(E{ (ry, t)E;(r,,t + T))| which corresponds to the definition of the first-order
correlation. Therefore,

Vo |g®(r 1), (2.1.8)

1.e. the visibility of the fringes is proportional to the magnitude of the first-order
correlation function. The visibility takes values in the range from 0 to 1. A value of
0 corresponds to an incoherent light. A value of 1 corresponds to a coherent light. For
values between 0 and 1, the light is said to be partially coherent. In a sense, the first-
order correlation function is a quantity describing how well one can predict the phase
at space-time point B, given one knows the phase at a space-time point A.

For a coherent light source such as a laser, emitted light has predictable phase relations.
Therefore, the first-order correlation function has a constant magnitude. For a thermal
light source, the magnitude of the first-order correlation function decreases when the
time separation of photons is far to approach the coherence time.

The concept of the first-order correlation of light has been introduced above. However,
it is not sufficient to describe all light behavior because the description of the first-order
correlation, E;"(ry,t)E,(r,, t + T), relies on the phase relation. What is a useful
measure if phase information cannot be simply integrated to a certain form?



Classical point of view:

The first-order correlation function describes the correlation of two fields. Similarly,
one can define the correlated intensities of two fields by the intensity correlation
function:

(E*(r, )E*(ry, t + T)E(1y, t + T)E (1, 1))
(E*(r, E (ry, OXE* (12, t + DE (1, t + 7))

g(Z) (rll 12, T) =

Iy, OI(r, t + 7))
(I, Oy, t + 1)) (2.1.9)

Analogous to the spatial first-order correlation function, the temporal second-order
correlation function can be written as:

_ {I@I(t + 1))
C(IOXI(t + 1)) (2.1.10)

9P (7)

From the experimental viewpoint, the intensity is proportional to the number of photon
counts n(t) registered by a detector. Thus, g® () can be written as:

(n(n(t + 1))
(n@OXn(t + 1))

9@ = 2.1.11)

The physical meaning of equation (2.1.11) answers the following question: if one
detects n photon(s) at time ¢, what is the probability of detecting another n photon(s)
after a time interval 7?

One can assume that a classical light source has a constant average intensity with
(I(t)) = (I(t + 1)), then, equation (2.1.10) is reduced to

(IOIE+71)) U@+ 1))

@ =
R TO TS O 2112
With a zero-time delay, one can get:
(I*(1)
g@®(0) = TOr (2.1.13)

For a classical light source, the expression can be expressed by the intensity as the sum
of its constant average I, and an instantaneous fluctuation term AI(t):

I1(t) =1, + AI(t). (2.1.14)
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If the detector detects a photon event, the fluctuation term tells us the probability to
detects additional events at time t. For a positive AI(t), an increasing chance to see
another photon is expected, while on the contrary, a negative AI(t) indicates a
decreased probability. One can derive from equation (2.1.14) and equation (2.1.15):

(F®) _ (o +AIO]) _ [o)* + (Al (t))Z]_

(2) — =
A 0 R0 RO

(2.1.15)

Again, for a classical light source, the light intensity is constant {I(t))? = (I,)?, and
thus equation (2.1.15) reduces to:

2 [(I)* +(AI))*] (AI())?
gclassical( )(0) = 10 =1+ 1002 > 1. (2.1.16)

Moreover, for N times measurements,

2
DIt + 7)) = LEErD+ N“;’“N)’“N”” _and (2.1.17)

(IO?NI(t +1)%) = [1(t)* + -+ 1(ty)?] -
[I(t; + )% + -+ [(ty + 7)?] %
Using equation (2.1.12) and Cauchy’s inequality [27], one can get:
(I2N1L%) = (1L 1,)2. (2.1.18)

One can derive a relation between g®(0) and g@®(z) if replacing the
corresponding items to equation (2.1.12):

gclassical(z)(o) = gclassical(z) (T) (2- 1 -19)

This means that for a classical light source, the probability of detecting a second photon
immediately after the first one is larger than or equal to the probability of a detection at
a later time. In other words, photons prefer to arrive together. This is photon bunching.

For coherent light, such as a laser beam, the average intensity fluctuation is zero, i.e.
(AI(t)) = 0. Hence



IO+ ) = () + AI®)({I) + AI(t + 1))

= {I)? + AT +(DAI(t + 1) + AI(DAI(t + 7))
= (D)2 (D*{1)Y? + AT + (DAI(t + 1) + AI(DAI(t + 7))
= (I)2. (2.1.20)

Therefore, from equation (2.1.12) one can get:

(1(0)*
Yconerent 2 (T) = (I(t))z = 1. (2.1.21)

2.0 T T T T
thermal light
coherent light
single-photon source
1.5 r 7
G
> 10
0.5 -
0
4 3 2 1 0 1 2 3 4

time delay t(a.u.)
Figure 2.2 Second-order correlation function g%(t) for three kinds of light
sources: thermal light sources like incandescent light bulbs (blue), coherent light
sources like lasers (red) and perfect single photon sources (green).

Quantum theory:

From equation (2.1.16), it is known that for a classical light source, g.assicar®® (0) =
1. The special case of g®(0) < 1, photon anti-bunching effect could also takes place
and be explained. In 1977, H.J. Kimble and his colleagues were the first to measure
anti-bunching effect. They studied the resonance fluorescence from Na atoms excited
by a dye-laser beam [28]. This anti-bunching phenomenon cannot be explained by the
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previously described classical point of view. However, using quantum theory, this
phenomenon can be explained. In quantum theory, photons are treated as energy quanta.
The expression |n) indicates a state of an electromagnetic field containing n photons.
The intensity of the field is given by the expectation value of the photon number
operator i which is equivalent to the mean number of photons in the mode.

(I) < (A1) = (a*a), (2.1.22)
where @* is creation operator and @ is the annihilation operator with

a*in) =vn+1|n+1), a@|n) =Vn|n - 1) (2.1.23)

They obey the commutation rule for bosons:

Thus, the quantum mechanical version of the second-order correlation function
becomes

(armar+onaac + 1))

A e 11O
g®(0) = <a+(<t;f;g§t()t))f ®) (2.1.24)
and
(at(arma)ace)) = (nlat@)a*tat)at)|n). (2.1.25)
For n = 1, with the definition in equation (2.1.23), one can get
aa()|1) = ar)|o), (2.1.26)
where |0) corresponds to the vacuum state. Thus:
ac)|oy=o0 (2.1.27)
Therefore, one can obtain
g@® () =0 for |1) and |0). (2.1.28)

For n > 1, equation (2.1.25) can be further simplified to



(@*@®ar@a®ae) = (nla*(Oa*©a®ae)n)

=n’-n. (2.1.29)
Thus,
g(”(o):nz_n= 1—%< 1, (2.1.30)
for n > 1, and
g@@© =0 (2.1.31)

for n=0 orl.

In this case, the probability of detecting a second photon immediately after the first one
is smaller than the probability of detecting it at a later time. This effect is called photon
anti-bunching. It cannot be explained classically. Figure 2.2 depicts g () for the
three kinds of photon sources. Table 2.1 summarizes their properties.

Light source Property Comment
All classical light gPm =1
g@®(0) = g@ (1) Photon-bunching
Coherent light 9P (@)=1 Random arrival
Single-photon source gP@) <1 Anti-bunching
g?0)=1-1/n n is the number state

Table 2.1 Properties of different light sources.



2.1.3. Single-photon emitters

In the previous chapters, the second-order correlation function of photon sources has
been discussed. From the quantum mechanical point of view, a non-classical light
source with the emission of single photons is theoretically possible. As discussed in
Section 2.1.1, the photon number of the coherent state of a laser beam is given by a
Poisson distribution with a certain average photon number, while the photons number
of a thermal light source follows the Bose-Einstein distribution. Photons emitted by
these classical light sources are confined within a spatial region defined by the
wavepacket. However, it is hard to manipulate (read) distinct quantum information of
a photon in a wavepacket. Whereas single photons emitted from the single-photon
source, as quantum bits provide quantum polarization or phase state [29] that can be
used for information storing and transmitting.

The application of single-photon sources is widely exploited for decades. The most
promising field is the quantum information processing. Comparing with conventional
electric information processes, the transmission speed of photons is much higher and
the signal is resistant to environment interference resulting in a low loss. Obviously,
information carried by only one photon also has much less risk of leakage. For a long-
distance communication with quantum cryptography in the form of quantum key
distribution (QKD) protocols, a single-photon source is especially useful for a quantum
repeater [30]. Additionally, in quantum lithography, an n-fold improvement of the
resolution of an interferometric experiment can be gained by integrating »n single-
photon states [31]. Besides quantum information, single-photon sources have been
widely used in other fields such as measurement of ultra-weak bio-chemiluminescence
[32], highly sensitive detection of DNA [33], remote sensing of single atoms [34], ultra-
accurate lidar experiment [35], diffuse optical tomography [36] and quantum beam-
splitter by photon-entanglement [37]. In addition, the single-photon source with its
unique properties promotes the development of quantum computers to perform tasks
that can hardly be handled by classical computation methods.

Accordingly, the practical implementation of these potential applications of single-
photon sources requests an ideal single-photon source possessing the following
characters:

1. In the quantum information processing, an ideal single-photon source, as the name
implies, should produce distinct photons at a defined time or within a finite time
interval.

2. One should be able to trigger the single-photon emission in a controlled manner,
which refers to an on-demand single-photon emission. The triggering can be, for
instance, implemented by pulsed excitation.
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3. For an unpolarized photon stream, filtering of photons with orthogonal polarization
decreases the photon collection by a factor of 2. Thus, a single-photon source should
preferably generate photons with defined polarization.

4. The quantum efficiency of a single-photon source should be high and ideally being
as close to unity as possible.

5. For the purpose of being integrated with photonic components, a single-photon
source should be robust during the integration experiment.

6. To fabricate a reliable quantum system, the single-photon source should exhibit
high photostability under continuous excitation with high power.

7. The single-photon source should work properly at room temperature.

The requirements for an ideal single-photon source are rigorous, but alternative faulty
single-photon sources exist and are widely used nowadays.

Highly attenuate laser pulses can produce distinct photons but it only corresponds to a
weak coherent state instead of a single-photon state. From Section (2.1.1), it is known
that a laser source obeys the Poisson-distribution p(n). Equation (2.1.3) is repeated as:

nte ™

p(n) = R

where 7 is the average number of photons in a certain time period. With a heavily
attenuated laser beam of 7 = 1, the probability of finding one photon i.e. p(1) is
0.368. One can also derive that p(0) has the same value. This means that generating
a single-photon state is as likely as triggering no photons. Moreover, the probability of
producing a two-photon state p(2) is 0.184. This multi-photon state generation
cannot be neglected in the quantum information application. Especially for the quantum
key distribution, the information carried by the additional photons can be eavesdropped
[38].

An alternative approach is to use a nonlinear process, namely the parametric down-
conversion, where a bulk nonlinear crystal is pumped by a laser beam. With a certain
probability, one photon of the laser beam is converted into a photon pair with one signal
photon and an idle photon. This process follows the energy and momentum
conservation. The two photons have either the same or orthogonal polarization states.
The idle photons can be used to predict the presence of the single photon signal.

Furthermore, some single quantum emitters also exhibit single-photon emission. Upon

excitation, the single quantum emitter undergoes a radiative transition and thus a single

photon is expected. High quantum efficiency can be obtained if the competing non-

radiative transition is suppressed. For example, single quantum dots in III-V and II-VI
20



semiconductors have been found to be good candidates as single-photon emitters by
many groups [39-41]. Moreover, single trapped atoms and ions have been observed to
emit single photons [42-43]. Single molecules at room temperature such as dyes [44-
46] and single-chain polymer molecules [47] also represent single photon sources
implementation. Besides, color centers in diamond lattices with vacancy centers
possess a radiation transition in an isolated three-level system, where the single-photon
emission was observed [48]. The substituted defects showing single-photon emission
include nitrogen-vacancy centers, silicon-vacancy centers [49] and germanium-
vacancy centers [50]. In this work, the most interest is in the intensively studied and
widely used nitrogen-vacancy centers for the single-photon emission at room
temperature.

2.1.4. Hanbury-Brown and Twiss (HBT) setup

The concepts of electric field amplitude correlation and intensity correlation have been
explained in Section 2.1.2. The amplitude correlation presented by the first-order
correlation function can be observed by Young's double slit experiment. However, for
characterizing a single-photon source, the measurement of the second-order correlation
function is not straightforward, even though photons can be sensitively detected by
avalanche photodiodes (APDs). This is because any detector has finite dead times in
the timescale of nanoseconds and after-pulsing effects upon the detecting avalanche
[51]. Instead, employing of an additional APD can compensate the time window when
one is recovering. Experimentally, the Hanbury-Brown and Twiss (HBT) setup
consisting of two APDs is a standard solution to evaluate the second-order correlation
function [52], which will be explained below.

Avalanche photodiode (APD):

An APD is a semiconductor light sensor with high sensitivity and response speed. With
an external reverse voltage, the electron-hole pair generated by absorbing one photon
is highly accelerated and thus bound electrons are released. This device is suitable for
single photon detection because of the functionality of electron multiplication which
efficiently enhances the electron flow of the photon detection events by a significant
factor. In the Geiger mode of APD, the biased voltage is slightly above the breakdown
threshold voltage, where the absorption at the single-photon level can trigger a strong
charge avalanche for detection. An APD that can count the single-photon flux is also
supposed to have dark count rates well below 1kHz with several tens of
percent quantum efficiency, sometimes even well above 50%. After one photon
detection, a well-designed APD possesses a reasonable avalanche recovery time for the
detection of the subsequent photons. This is normally realized by installing an
electronic quenching circuit to reduce the voltage below the threshold after one
detection event for a short time. If the avalanche recovery time is around 100 ns, it

puts a limitation on the maximum detected count rate to approximately 10 MHz. A
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higher capability can be reached in a trade-off for a lower sensitivity using a linear
mode photodiode which is operated with relatively lower reverse voltage [53].

HBT measurement:

Although the APD can be used to register single photon events, due to the intrinsic dead
time and afterpulsing effects of APDs, it is hard to measure the second-order correlation
function of single photons directly. This task can be performed with the Hanbury-
Brown and Twiss (HBT) setup using two detectors. The HBT setup was initially used
by Robert Hanbury Brown and Richard Q. Twiss to measure the angular sizes of Sirius
[43].

Figure 2.3 demonstrates the sketch of an HBT. The light beam is split by a 50/50 beam
splitter and then directed into two separate photon detectors. A photon hitting one of
the detectors triggers the working process while the other detector waits for a
subsequent photon. In this case, the existence of the second detector eliminates
problems caused by the dead time of the first detector and thus the second-order
correlation function and the value of g?(0) can be measured but at the expense of
preciseness. It is noteworthy that the practical g(®(0) value in an HBT experiment
can hardly reach the theoretical value due to the existence of background fluorescence
and dark counts. The correction method for experimental g(®(0) is introduced in
Section 2.2.1.

(a) (b)

[|Detector B

correlation

delay time

Figure 2.3.: HBT measurement. (a) shows the sketch of a Hanbury-Brown and
Twiss setup. (b) shows the anti-bunching signals which is delayed for the
compensating dead times.

In this section, starting from the basis of the photon and photon statistics, the second-
order correlation function and the property of single photons has been introduced.

Afterward, the HBT setup to experimentally measure the second-order correlation
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function is demonstrated. In the following chapters, the concepts and the measurement
method will frequently be used.
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2.2. Nitrogen-vacancy centers in nanodiamonds

As mentioned in the section 2.1.3 there are several choices of single-photon emitters
fulfilling the demands listed in section 2.1. Among them, the nitrogen-vacancy (NV)
center in nanodiamonds (NDs) is a good candidate as a single-photon emitter and is
nowadays widely investigated because of its unique optical properties [55]. The NV
center as a single-photon source in NDs is introduced in this section.
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Figure 2.4. NV center in diamonds (a) demonstrates the lattice layout of NV
centers in diamonds. (b) is the typical fluorescence spectrum of NV centers at
room temperature adapted from [84].

Diamond, due to its 5.5 eV large band gap with a high Debye temperature [56], is a
host for a variety of color defects exhibiting diverse optical properties. In the diamond
lattice, the N'V center is formed when a carbon atom in the diamond lattice is replaced
by a substitutional single nitrogen atom (N) along with a vacancy (V) at an adjacent
lattice point. The lattice layout of an NV center is drawn in Figure 2.4 (a). Depending
on the charge state, there exist two types of NV centers: negatively charged NV™ centers
and neutrally charged NV centers [57]. The negatively charged state NV center is
formed when receiving an additional electron from its adjacent nitrogen atom. This
dissertation mainly focuses on the NV center because it shows more useful properties
(explained below) and thus without specified designation, NV denotes the negatively
charged state NV,

Due to the combination of several remarkable properties, NV centers have drawn a
wide attention since they were first reported in 1965 [58]. The NV centers have been
experimentally shown to emit single photons [59-61]. At room temperature, the
fluorescence emission covers wavelengths from red to near infrared with a stable and
high brightness when excited by a 532 nm laser. Figure 2.4 (b) demonstrates the
fluorescence spectrum of NV centers at room temperature. It has the zero-phonon line
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of 637 nm and has broad width of around 200 nm due to the strong electron-phonon
interactions at room temperature the vibrational. A remarkable feature of NV centers is
that they show no photobleaching effect even upon continuous laser excitation with
high energy at room temperature [62]. These fluorescence emission properties make
the NV center a good photon source candidate for many applications. In bio-imaging
applications, the fluorescence from NV centers has a spectrum far away from the
fluorescence wavelength of most cell components and the emission has a good
penetration through the surrounding tissue [63]. Besides, a single NV center can be
treated as an isolated spin system with a long coherence time of T = 2 ms [64]. The
electron spin can be manipulated on-demand and initialized by optical pumping.
Microwave fields and standard electron spin resonance techniques are used to
coherently rotate the spin [64-66].

Another interesting field of NV centers is to achieve sub-wavelength resolution.
Spatially separated NV centers experience different magnetic fields when put in a
magnetic field gradient. In the Optically Detected Magnetic Resonance (ODMR)
spectrum, individual NV centers show different Zeeman splittings of the spin sublevels
corresponding to the local magnetic field value [67]. The optical approach allows a
precisel study and manipulation of the spin of NV centers with a high nanoscale
accuracy [68]. Associated with Stimulated Emission Depletion (STED) microscopy,
the spin of the single NV center embedded in a solid immersion lens has been addressed
with a resolution down to 2.4 + 0.3 nm [69].

In the field of the biology, sensing of single electrons and nuclear spins in biological
molecules requires detection sensitivity of micro/nanotesla on a nanometer scale. Such
a magnetic field of several nanoteslas corresponds to the one from a single proton at a
distance of 10 nm. NV center has been demonstrated for such nanoscale sensing of
weak magnetic fields down to several nanoteslas making use of coherent manipulation
of individual electronic spin qubits [70]. Besides, the combination of high
photostability of NV centers together with the low toxicity and cytocompatibility of
NDs make the fluorescent NDs good candidates as biomarkers. The injected NDs with
NV centers were used to trace single particles in cells for a long time [71-73].
Moreover, living cells lying on the surface of the chip cause faint fluctuations of the
magnetic field, which disturb the spins of the proximate NV centers that can be detected
[74]. Thus, the behavior or bioprocess of living cells was measured using a sensor chip
with an array of NV centers.
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2.2.1. Three-level model of NV centers

In the previous section 2.1.2, the second-order correlation function has been explained.
Figure 2.2 in the last section shows a g(®) () simulation of a standard single-photon
source. The anti-bunching dip with g@®(0) = 0 clearly indicates the nature of a
single-photon source. The curve can be fitted using an expression derived from a two-
level system [75-76]:

gP@=1-¢7"N, 2.2.1)

where T is the time delay between two signal channels and r is the fluorescence
transition count rate. From this model, the value of the second-order correlation
function is between 0 and 1. However, the practical model of a NV center is more
complicated than the two-level system. A conflict can be seen when the NV center is
excited with higher power. An exemplary experimental second-order correlation
measurement result is shown in Figure 2.5 (a) where a bunching phenomenon
(g® () > 1) emerges in the g® (1) function at around +30 ns time delay. This
bunching of photons implies that emission photons are impeded by a certain delay time
after the coincident event, which can be theoretically explained by introducing an
additional energy level with a longer lifetime.
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Figure 2.5: Three-level modeling of an NV center. (a) shows an exemplary
experimental second-order correlation measurement data indicated by the blue
dots; the red curve is a fit to the data using a three-level model. It includes
bunching g@® (1) > 1 features at finite delays. (b) is the Jablonski diagram of a
simple three-level system. k; ; is the transition rate from state i to state j, p;=1,23

are the simplified ground state, excited state and the metastable state, respectively.

Besides the ground state and the excited state in a two-level model, the electron
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transitions in NV center involve an extra metastable energy level. Figure 2.5 (b)
indicates the Jablonski diagram of a simple three-level system, where k;; is the
transition rate from state i to state j, and the probability of states |1),]2), |3) is
denoted by p;, where i,j = 1, 2, 3. The transition dynamic can be described with the
rate equations:

dpy

- —k1201 + Kk21P2 + k31D3,

dp

d_tz = k1201 — k2102 — ka3D2, (2.2.2)
dp

d_t3 = ky3p2 — k313,

Upon continuous-wave laser excitation, the system reaches an equilibrium condition
which reads:

dp, _ dp, _ dp; ~0
dt dt dt ’ (2.2.3)

p1+p,+ps =1

With equations (2.2.2) and (2.2.3) one can deduce the equilibrium population of state
|12):
k12

(1 + %) kiy + kyy + kys
31

pa() =

' (2.2.4)

It can be first assumed that the system is not in the saturated scheme, thus the radiation
transition rate k;, is proportional to the pump light intensity P with an absorption
cross-section o

ki, = oP, (2.2.5)

In the three-level model, photons emitted from the system stem only from the decay
from level 2 to level 1 with the corresponding transition rate of k,;. One can express
the emission rate R according to equation (2.2.4) in the form of:

pP

R=——+f
P + Pyg

(2.2.6)

Where
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— k21k31
k23 + k31,

_ k31 (kay + ka3)
sat 0 (k314k23) .

The coefficient [ represents the difference between the two-level system and the
three-level system. If k,5 is zero then [ = k,,, which fits the two-level modeling. In
the case that the life time of state |3) is long enough as k;; < k,3, R drastically
decreases, resulting in a reduction of the quantum efficiency of the source.

From the equation (2.2.6) one can predict three different working regimes. First, if the
system is excited with an intensity P < P4, the emission rate increases linearly with
the excitation intensity. Secondly, if the excitation intensity reaches P > Py, the
emission is in the saturated region. Finally, when the excitation intensity is further
increased to P > Py, the emission rate depends much less on the excitation intensity
anymore and approaches a constant.

Moreover, the second-order correlation function g (r) can be defined by the
population of the state |2) at time T, p,(7), normalized to the steady-state rate at
infinite time [77] :

p2(7) .
p2(=°)

g¥ () = (2.2.7)

In this calculation, the initial state is assumed to be with p; =1, p, = p; = 0. The
correlation function is derived from equation (2.2.2), (2.2.3) and (2.2.4) to:

gOw) = 1- BT + (§ — Dpe, .28
where:

Y1 = kip + Kay,

ki2kos
=k _—

Y2 31t Koy + on
k- k

B=1+ 12K23

k31(k12 + k21).

This biexponential expression of g (r) derived from the three-level model fits the
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experimental data quite well and the bunching behavior of NV center emission is
explained by the accumulation population of the state |2). In the following chapters,
the experimental g® (r) measurement data are fitted to this model.
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Background correction for second-order correlation experiment:

Experimentally, the second-order correlation measurement of a single-photon source at
zero-time-delay g(®(0) cannot reach the theoretical value of zero due to the presence
of background. The background is mainly composed of stray light in the lab, internal
noise of the APDs and the fluorescence from excited surrounding molecules. The
output count rate of the APD without any light incident is called the dark count rate
mainly corresponding to the internal thermal effects generated carriers in the APDs.
Together with the stray light in the lab, the experimental conditions in this work has a
practical count rate below 200 counts/s on each APD with all lasers and lights off. The
average diameter of the NDs used here (as shown in Figure 2.8) is below 50 nm. When
the ND is embedded in the photoresist, the molecules around the ND are also excited
by the laser focus. The emission from the surrounding photoresist increases linearly
with the excitation laser intensity. And experimentally, the second-order correlation
measurement of the background noise gives g (0) = 1, revealing an expected
uncorrelated nature of the background fluorescence. Whereas the fluorescence intensity
from the NV centers follows the three-level modeling and it reaches a saturation value
at a high excitation laser intensity. Therefore, the light source inspected by the second-
order correlation measurement is a mixed photon source. The background influence on
the g® (1) correlation function can be evaluated with the approach as described
below.

To understand the correction procedure, it is necessary to specify the practical
measurement scheme of the second-order correlation in this experiment. As described
in Section 2.1.4, the second-order correlation is evaluated by measuring the chance of
coincident events on two independent detectors. Here, coincidence means that two
events are sensed by two detectors within a time window t. In other words, any two
photon events detected by the system within a time delay less than 7 are considered as
coincident events. Given that there are N; events per unit time detected by detector 1,
the total coincident time window for all events is N, t. If the count rate of detector 2 is
N,, within this time window, the detector 2 gives the coincident count rate of N;N,t.
This is also the number of coincident events per unit time [60].

In the practical second-order correlation measurement with two APDs, the data
obtained directly is the raw coincident events c(7) at the time delay t. This quantity
can be normalized by the expected coincident events as described above to get the rate
of the coincident events:

C(r) = ———, (2.2.9)

where w is the time bin of the g (r) measurement and 7T 'is the integration time.
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With the impact of the uncorrelated background, the second-order correlation
measurement is expressed using the normalized coincident rate:

gP@ =[C(@® -1 -pD]/p? (2.2.10)

with p = S/(S + B), where S is the photon count rate from the NV center and B is
the count rate of the background light. With this correction equation, the corrected
g®(0) in the experiment of Figure 4.5, approaches 0, pointing out the character of
single-photon emission.

2.2.2. Electronic structure and optical properties of NV centers.

In the previous sections, the advantages of NV centers as single-photon sources have
been briefly reviewed. These properties originate from the intrinsic properties and
unique electronic structure of NV centers which are explained in this section in detail.

The lattice of the NV center is shown in Figure 2.4 (a). There are three unpaired
electrons from the three carbons nearest to the vacancy and one pair of electrons from
the nitrogen (nitrogen has five electrons and three of them form covalent bonds with
the three carbons nearest to the nitrogen). The NV center associated with such five
electrons forms the neutrally charge NV center. And the negatively charge NV center
involves an additional sixth electron. The electronic configuration of NV~ center
exhibits six different possible optical transitions. However, it is more convenient to treat
the NV center as a configuration with two holes instead of six electrons.

Figure 2.6 shows the electronic structure of the NV center at room temperature [79].
The NV center has a stable spin-triplet ground state with a zero-field splitting of D =
2.87 GHz caused by the spin-spin interactions between the singlet (m; = 0) and the
triplet states (m; = £1). The quantization axis is along the N-V axis. In the presence
of an external magnetic field By, the triplet states degeneracy is lifted by the Zeeman
shift of A= myB,, where y is the gyromagnetic ratio with a value of 2.87 MHz/G.
The excited state is also a spin-triplet state with a zero-field splitting of 1.42 GHz
[80-81]. The ground state and the excited state are coupled either through a radiative
decay channel with a zero-phonon line of 637 nm and 200 nm thermal broadening
(600 nm — 800 nm) around it, or through a non-radiative decay channel. The non-
radiative decay involves an additional metastable spin-singlet state. This metastable
state has a longer life time than the excited state of around 300 ns. The radiation
transition from the excited state to the ground state primarily occurs with spin
conservation. Nevertheless, there exists a unique intersystem crossing transition that is
not spin-conserving: Here, the mg = +1 excited states are de-populated to the
metastable singlet state my; = 0 and subsequently down to the mg; = 0 ground state as
a non-radiative decay. Therefore, the my, = +1 states exhibit the relatively low
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fluorescence intensity. This transition mixes up the initial spin polarization state of the
NV center. After being sufficiently pumped, the metastable state has a larger probability
to be occupied due to the longer life time and the spin non-conservation transition.

Given thatthe mg = 0 state is degenerated with the my = +1 in the ground state, the
probability of non-radiative decay from my; = 1 excited states to the metastable
singlet state increases. Consequently, the spin-conserved radiation transition is
suppressed, leading to an observable decrease of the fluorescence intensity. The NV
center can be polarized to the singlet state with the presence of a continuous laser
excitation. This key characteristic allows the electronic spin state to be initialized
through optical pumping and to be detected via spin-state-dependent fluorescence. In
combination with conventional electron spin resonance (ESR) techniques for
coherently manipulating the spin, the NV center is highlighted as a platform for
applying magnetometry in various areas, including biology, geology and novel
materials [80].

) - m=+1
Excited State *E IR BN
L —— mS=-1
5=1 N
G=D 1.42 GHz
N
\
\\msz
N\ N
AN N
N Metastable State ‘A,
561 nm| 637 nm N /\ (5=0)
/
AN~ AN~ /
//
/
/
/
/
z
m~=+1
A
N /
/
—_ /m =-1
/
/ 2.87 GHz
Ground State *A, /
RTPUN B S m =0

(5=1) =

Figure 2.6: Electronic structure of an NV center at room temperature. The
triplet ground state manifold and the triplet excited state manifold are separated
by AE = 1.95 eV, corresponding to a zero-phonon line of 637 nm. Each of the
three electronic spin projections (my = +1,0) in the ground state manifold is
coupled to the corresponding spin projections in the excited state manifold upon
excitation. With a certain probability, spin-orbit interactions allow the mg = +1
excited states couple to the metastable singlet state, which is then coupled to the
mg = 0 ground state via a non-radiative transition. This figure is drawn according
to reference [79].
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2.2.3. Nanodiamonds

NV centers exist in both, bulk diamonds and nanodiamonds. Diamond crystals with
diameters below 1 pm (usually around 100 nm) are called nanodiamonds (NDs).

NDs are widely used in industrial applications, e.g. for grinding and polishing to obtain
smooth surfaces by exploiting of the sheer hardness of NDs. The smallest NDs found
were only 1.6 nm in diameter, which corresponds to only 400 carbon atoms
surrounding an NV center [72]. The color centers such as the NV centers are found in
NDs even exhibiting single-photon emission. Compared with bulk diamonds, NDs are
much easier to incorporate into photonic systems, especially for hybrid quantum optical
systems [82]. In contrast to fabricating photonic structures directly with bulk diamonds,
one can access the color center by either embedding NDs in other lithography materials
(this work) or directly picking pre-characterized NDs by an atomic force microscope
(AFM) tip [83]. The use of NDs enormously extends the choice of materials for
photonic structures. However, there are also some problems emerging from the size of
NDs. The NV center is generally very close to the surface of the surrounding
nanocrystal, and thus the quantum efficiency can be influenced by the surface strain,
impurities and diffraction, which inflicts more than bulk diamonds. It has been
demonstrated that the emission efficiency of NV centers in NDs varies from 10% to
90%. [84].

(a)

(‘ne)d

Figure 2.8: Aggregated NDs on a silica glass substrate. The NDs are, without
any prior treatment, spin-coated on the substrate. (a) shows an electron micrograph
of aggregated NDs and (b) shows a laser scanning confocal fluorescence
microscopy image of an aggregated area.

Isolated NDs with color centers occur naturally in meteorites but can also be

synthetically produced. There are two main approaches: high-pressure high-

temperature (HPHT) synthetization [85] and detonation [86], both requires a chemical

purification process. Other methods such as laser ablation in liquid [87] and bead

assisted sonic disintegration of a polycrystalline chemical vapor deposition film [88]
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have been demonstrated to produce NDs with the smaller size. It is notable that
individual ND particles aggregate with each other forming ND groups. Figure 2.8
shows an electron microscope image (a) and a laser scanning confocal microscope
image (b) of aggregated NDs on a glass substrate. This effect is an obstacle for the
application of NDs but can be removed by surface modification [89].

In this section, NV centers in NDs are introduced as single-photon sources. Exploring
the optical and electronic nature of NV centers boosts the exploiting of them including
the experiments in the following chapter.
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2.3. Laser scanning confocal fluorescence microscopy

The previous section has introduced NV centers in NDs as single-photon emitters. To
harvest fluorescence light of NV centers, advanced practical experimental methods are
required. The first step is to find out and characterize NV centers for the following
fabrication of quantum-photonic structures.

Confocal fluorescence microscopy is a common method for mapping photon emitters,
which is the basis for further characterizing them. Generally, in comparison with the
conventional wide-field optical microscope, the confocal fluorescence microscopy
provides true three-dimensional optical resolution by suppressing the signal from out-
of-focus planes.

detector

—v— confocal pinhole

out-of-focus fluorescence emission

. in-focus fluorescence emission

objective lens

in-focus focal plane

out-of-focus focal plane

Figure 2.9: Sketch of a basic confocal fluorescence microscope setup. Emission
light originating from out-of-focus focal planes is blocked by the pinhole in front
of the detector. The spatial confinement depends on the pinhole diameter.

35



When examining samples under a conventional wide-field optical microscope, the
optical sectioning capability is governed by the objective lens’ numerical aperture (NA).
In fluorescence microscopy, optical sectioning is improved, since only fluorophores
which have been excited and emit will add to the fluorescence signal. However, in the
case that the fluorophores are embedded in a three-dimensional fluorescent
environment, surrounding molecules fluorescence contribute interfere the observation
of the object, and the precisely locating of the fluorophores in three-dimension is hard.
This limitation is especially notable if the sample volume is thicker than 2 pm. In this
case, an acceptable resolution for the emitter localization is largely hindered. One
solution is to optically segment the specimen by an aperture with a micrometer-sized
pinhole at the conjugated image plane in the detection path as shown in Figure 2.9. The
confinement works not only in the lateral plane but also along the vertical direction
which defines the finite focus plane. With a good alignment, the excitation laser focuses
on the sample and the light originating from the confocal volume is imaged by the
objective lens and focused through the pinhole without restraint, but the simultaneously
imaged light from plane out-of-focus is repelled by the pinhole. Thereby, the true three-
dimensional optical resolution is achieved.
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Figure 2.10: Comparison of line scan photoluminescence (PL) signal detected
with different confocal pinhole size. Fluorescence signal while line scanning
over a single NV center along the vertical optical z axis (a), planar directions x
(b), and y (c¢) with a pinhole diameter of 50 um (green curves) and 15 pum
(blue curves). In the line scanning along z direction, the confocal volume
traveled from the air through the interface between air and glass and then focused
into the glass. With the larger pinhole, a gradually increasing of fluorescence
intensity shows when approaching the interface and with a smaller size pinhole,

the volume confinement improves.

Another difference is that in the conventional wide-field optical microscope, the sample
is illuminated by a broadband light source and the image is formed either directly by
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eyes or by a photon-sensitive device. In the laser scanning confocal microscope, the
sample is optically segmented by pumping each optical point using a laser. Each pixel
of the object can be pumped during the motion of the stage or the rotation of the
reflection mirror in a raster fashion. The image is achieved by reforming the collected
emission signals from all segments in all three dimensions.

Figure 2.10 illustrates the photoluminescence (PL) of an NV center detected under the
line scan of the confocal fluorescence microscopy with different pinhole sizes. The NDs
aqueous suspension is spin-coated on a pre-cleaned glass substrate. The NV center is
pumped by a 561 nm cw laser focused through an oil-immersed objective lens with
NA = 1.4 and 100X magnification. Fluorescence photons are filtered by a 650 nm
long-pass spectra filter before being detected by a fiber-coupled APD. The sample is
fixed on a piezoelectric stage to perform the line scans along all three directions. With
a pinhole of 15 um diameter, a large amount of the background light is blocked
(details about the experiment setup can be found in Section 4.1). The peak of the
fluorescence intensity corresponds to the confocal volume containing the NV center.
After the line scans in all three directions, the pinhole is removed but the fiber coupler
with a diameter of 50 pm still acts as a larger pinhole. One can clearly see the increase
in the background light intensity. With a smaller pinhole of 15 pum diameter, the
background intensity is reduced by an averaged factor of 10 and the signal-to-noise
ratio is improved by an averaged factor of 5. Such improvement is crucial in the field
of quantum optics. With the application of the single photons, as described in section
2.2.1, the reduction of background signals significantly improves the experiment by
purifying the single-photon emission.

As a conclusion, the laser scanning confocal fluorescence microscopy, compared to
conventional optical microscopy, offers enhanced spatial resolution, better contrast, and
is suitable for detection of the fluorescence from the single nanoparticle emitter.
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2.4. Direct laser writing (DLW)

The previous section has introduced NV centers in NDs as single-photon emitter.
However, the application of NV centers in quantum optics is restricted by the lack of a
reliable method to precisely fabricate and align the on-chip optical components such as
lenses, filters, and beam-splitters with respect to the NV centers on the nanoscale. To
realize this, NV centers have to be pre-characterized and connected by aligned quantum
components. In a two-step process, such alignment is not straight-forward because
normally the fabrication process of optical components changes experiment coordinate.
Moreover, there are only a few methods that can be relied on to structure true 3D nano-
architectures. One of them is the direct laser writing (DLW) technique. In this chapter,
the DLW technique for fabricating nearly arbitrary-shaped three-dimensional quantum
components is presented.

In 1997, DLW process using multi-photon absorption was demonstrated by Micheal
T.Gale and Stefano Pelli [90-91] several years after the previous work on single-photon
absorption. The capability of creating arbitrary 3D nano-structures earned applications
in various fields such as nano-optics [92], microfluidics [93] and metamaterials [94].
The DLW is a microscale 3D printing technology using multi-photon absorption. It
offers an opportunity for fabrication of readily assembled 3D structures with almost
nearly arbitrary shapes. The printing process follows the trajectory of the relative
motion of a tightly focused ultrafast laser in a photoresist volume. For a negative-tone
photoresist, it locally polymerizes the photoresist impinged by the laser beam via multi-
photon absorption. The unpolymerized parts are washed out in the following
development step. Unlike other lithography techniques, such as the electron-beam
lithography, DLW enables tailored 3D structures without a multi-step fabrication and
recoating.

2.4.1. Two-photon absorption

The 3D fabrication is achieved using two-photon absorption (2PA). Unlike one-photon
absorption (1PA) which is mostly seen in our daily life, molecules simultaneously
absorb photon-pairs instead of single photons and thus the probability of 2PA depends
on the square of the local light intensity. In other words, the strength of the interaction
decreases quadratically rather than linearly when the local electric field intensity
decreases, which is a non-linear process.

The absorption of two photons in 2PA happens in one step or at the same time rather
than by a sequence of processes. For 1PA, the material interacts with photons and the
energy of one photon is enough to offer the electric transition of the molecule or atom
from the initial state to an excited state. The probability of 1PA process is proportional

to the density of the absorber as well as the local photon density. The 1PA of a plane
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wave exhibits the intensity changes as:

dl
iz —01pa " N(2) - 1(2) 2.4.1)

where [ isthe light intensity and oyp4 1s the absorption cross-section which is related
to electric transition dipole moment of the molecule. N(z) is the absorber molecule
density at the initial state and z is the penetration length of the light into the material.
If a laser beam is focused into the volume of a highly absorbing material, the light
intensity will experience highly attenuation. In the case of a low absorber density, where
the laser energy variation along the propagation of the light can be neglected and the
number of the excited absorbers stays constant along the propagation axis, the 1PA
process occurs along the whole propagation axis. In other words, there is no
confinement, thus no controlling, of the absorption along the propagation direction.
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Figure 2.9: (a) At each planar along the optical axis, the exposure dose of the
photoresist corresponds to the integration of the intensity (blue curve) of the 1PA
and the intensity square (red curve) of the 2PA. The exposure dose of 1PA is
constant along the optical axis; whereas the exposure dose of 2PA has its maximum
at the focal point. (b) illustrates the simulated exposure intensity for 1PA (left) and
2PA (right). The calculation was made for a Gaussian beam that impinges into a
low absorption material.

In contrast to 1PA, the probability of 2PA process depends on the probability to find a
photon-pair locally which is proportional of the square of the intensity. Thus, similar to
the light attenuation for 1PA, the one for 2PA is:

dI
4, = 0w N(@)- I*(2) (2.4.2)

where o7p, 1s the cross-section of the absorber molecule for 2PA. Typical values for
most molecules are quite small compared with the ones for 1PA. In many cases, the
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cross-section of 2PA is on the order of 10~°°cm* sec molecules™' photon™'. As a result,
the promotion of 2PA requires high local photon density, and in an optimized manner
only the focal point of the laser beam can fulfill the requirement. Therefore, the
confinement along the propagation axis is achieved. Experimentally, this requirement
can be fulfilled by employing commercially available femtosecond laser with the
wavelength in the near infrared region. Such laser can generate pulses with peak power
on the order of a kilowatt and the average power on the order of a milliwatt with
80 MHz repetition rate. Focused by a high NA objective lens, the photon flux is enough
to establish a 2PA process.

In an absorbable material, the exposure dose corresponding to the possibility of 2PA or
1PA in each plane along the optical axis of the focused laser beam is calculated as shown
in Figure 2.9. Unlike the 1PA process described above, the integration of squared
optical intensity in each individual transverse section along the optical axis has the
maximum value at the focus and decreases rapidly away from the focus. Thus, within
the diffraction limit, the 2PA process is also confined along the optical axis resulting in
a spatially 3D selective excitation of molecules. Such non-linear confinement of the
excitation by the 2PA is used to realize not only the 3D nanofabrication but also the
fluorescence microscope [95-96], optical data storage [97] and photodynamic therapy
[98]. Multi-photon or more precisely two-photon microscopy can also be used as point
scanning technique that uses a pulsed infrared laser with a tunable wavelength. At the
wavelength approximately twice the excitation maximum of a fluorophore, two photons
that simultaneously interact with the fluorophore can be excited. These events are
restricted to the exact focal point of the laser, so an extremely small volume is excited
and no confocal pinhole is required. Furthermore, as the infrared light penetrates deep
into tissue multi-photon confocal microscopy is an excellent choice for intravital
imaging.

2.4.2. Photoresists

A photoresist is a material sensitive to photons. In optical lithography, photoresist
molecules absorb photons to form patterns. Generally, there are two types of
photoresists. The positive-tone photoresists get soluble by the developer after the
exposure with photons, whereas for negative-tone photoresists, exposed parts become
solid and the unexposed parts are washed out in the development process. In this work,
only negative-tone photoresists are used.

In the 2PA process, photons induce a chain growth mechanism in the photoresist to
form materials with high molecular weight [99]. There are two molecule components
involving in this process: the photoinitiator and the monomer. The photoinitiator
molecules account for an only very small proportion of the photoresist. Most of the
resists consist of a monomer with small molecule weight. They do not directly react

with each other but can form polymer chains by radical polymerization with the aid of
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free radicals generated from the photon absorption process. The photoinitiator
molecules absorb photons by 2PA and convert the energy of photons into chemical
energy by generating free radicals, which starts the polymerization process. The choice
of the photoinitiator determines the excitation laser wavelength and the efficiency of
the free radicals generation. In the case of monomers with more than one polymerizable
group, molecule networks are formed. The details of the polymerization process are
quite complex and a research area itself [100] will not be further investigated in this
work.

2.4.3. Process of three-dimensional structuring

The theory of DLW is explained in the preceding sections. This part demonstrates the
typical workflow of DLW in this work to give an impression of DLW practically.

The principle of 2PA demands a writing laser with a high intensity. Here, a femtosecond
laser at a wavelength of 780 nm 1is used. The laser is modulated by an acoustic-optic
modulator (AOM) driven by a home-built RF driver controlled by a computer.

(a) (b) (c) (d)

Photoresisy

g’aSS Substrate

Figure 2.10: The process of direct laser writing. (a), A glass substrate is covered
with photoresist. In this work, the negative-tone photoresist is used for all
experiments. (b), A highly focused femtosecond laser polymerizes the photoresist
along the trajectory of the focal volume via 2PA. (c¢), The photoresist turns to be
solid and insoluble to the developer in the development process. (d), The 3D
micro-structure emerges after the residual photoresist being flushed out.

Figure 2.10 demonstrates the workflow of DLW in principle. The photoresist is either
spin-coated or drop-casted on the glass substrate. In a normal DLW mode, the sample
is fixed on the piezoelectric stage with the bare glass side facing down to an oil-
immersed objective lens with the NA of 1.4. With the laser on, the photoresist is
polymerized following the relative trajectory of the laser focus within the resist. 2PA
confines the polymerization process within only the tightly focused volume, which
constructs the 3D polymer structure with a different refractive index. After the writing
process, the sample is taken out of the setup and bathed in the solvent (the solvent
depends on the type of photoresist) to wash out the unexposed photoresist. After dried
by the nitrogen gas, 3D micro-structures emerge on the substrate.
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In this chapter, a powerful tool for fabrication of arbitrary 3D microstructures is
presented. The 2PA enables the 3D structuring by restricting the perception of the
photoresist to the laser within a tightly confined volume especially along the laser axis.
The theory behind the photoresist formation and polymerization is briefly introduced.
Finally, a typical workflow of the DLW is demonstrated. Details about the experimental
process and the workflow in our case will be described in Chapter 4.
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3. Integrated setup for wiring up
pre-characterized single NV centers in

nanodiamonds

For years, people have been exploring for ways to manipulate and apply single-photon
emitters on the nanoscale. It is especially interesting to on-demand integrate single-
photon sources onto quantum-photonic chips together with well-aligned micro-size
waveguides, beam splitters and other optical components. Previous experiments
applied atomic force microscope (AFM) tip to pick up and transfer a pre-characterized
diamond nanocrystal containing a single NV center to the desired location near the
quantum-photonic component [83]. However, the diameter of the diamond nanocrystal
with a single NV center is normally of tens of nanometer [101], which diminishes the
efficiency of picking and especially transferring the nanocrystal. Additionally, using
this method, NDs can only be transferred to the surface of the photonic components or
their vicinity, which restricts the coupling efficiency of the emission photons. Other
method pre-characterizes and locates the single-photon emitters directly on the chip
with a written marker. Subsequently, optical components are structured using electron
beam lithography and thereby the NV center is integrated with another setup. In this
two-step method, structures with high resolution can be achieved but it is restricted by
the possibility of misalignment and the lack of the writing capability in 3D [102].

In the previous chapter, the DLW technique realizing arbitrary 3D structuring is
introduced. Here, the DLW is integrated with the setup for NV center characterization.
In the setup, firstly, NV centers are individually localized and characterized using the
laser scanning confocal fluorescence microscopy. This characterization includes the
brightness, second-order correlation function, and the dipole orientation. Secondly, pre-
designed quantum photonic components are fabricated directly at relative positions
around the pre-localized NV centers. These two parts will be presented in the following.

3.1. Experimental setup

As introduced above, this setup can be simply divided into two functionalities: one part
for the NV center characterization using laser scanning confocal fluorescence
microscopy and the other part for structure construction using DLW. Both
functionalities are required to be operated in the micro- or nano-scale. The combination
means they share the same working coordinate and it demands ultra-high spatial
alignment accuracy on the sample. Besides, the two functionalities should work
independently.
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As present in the previous chapter, NV centers in NDs exhibit high fluorescence
intensity under laser excitation. The absorption spectrum of an NV center has a peak at
571 nm with a broadening of about 200 nm . In this work, a 561 nm cw
semiconductor laser (OBIS 561 LS from Coherent GmbH) is used for excitation.
Compared to the commonly used frequency-doubled 532nm Nd:YAG laser
[111],561 nm is closer to the peak of the absorption spectrum of NV center. The DLW,
as introduced in the previous chapter, demands an ultrafast laser source with high
intensity. Here a frequency-doubled femtosecond fiber laser is used at the wavelength
of 780 nm (T-Light from MenloSystems). The 780 nm writing laser is modulated
by an acousto-optic modulator (MTS40-A3-750.850 from AA OPTO-ELECTRONIC)
driven by a home-build RF-drivers. Accordingly, the foci of two lasers on the sample
must hit the same location laterally and axially. It is demonstrated in the next section
how the focus alignment is performed using the gold spherical beads as a regulator.

The layout of the setup is depicted in Figure 3.1. Here, a commercial microscope (Leica
DM IRB) is used as a basic platform. The back-illumination port of which is used as an
entrance port of the writing and excitation laser. On the sample, the axial and lateral
resolutions are enhanced for both functionalities by applying an objective lens with the
magnification of 100X and NA of 1.4 with oil immersion (Leica HCX PL APO
100%/1.40-0.70 Oil CS). Such preseting improves the resolution of the fluorescence
detection to an Abbe diffraction limit with corresponding collection solid angle of
1.67m [112].1In order to perform the raster scan over the sample and to locate
individual centers, the sample is mounted on a high-resolution piezoelectric positioning
stage with the motion range of 200 pm X 200 pm laterally and 20 pm vertically (P-
517 from Physik Instrumente). For a larger movement range, the piezoelectric stage is
fixed on a motorized stage with a planar travel range of 120 X 100 mm (SCAN IM
120x100 from Mairzhduser Wetzlar GmbH & Co. KG). The scanning route of both
stages is programmable via the computer. The fluorescence light is collected by the
same objective lens and the most of it travels back via the same path but through the
DMI1. 10% of the light collected by the objective lens is directed to an integrated
microscope integrated CCD camera for visualization of the written structures on the
sample and a silicon photodiode for interface finding and beam aligning. At the dichroic
mirror (DM?2), the fluorescence photons are exclusively reflected to the detection path
(orange path in Figure 3.1).

The fluorescence light, after being reflected twice by two mirrors, goes through a set of
4f imaging system consisting of two identical lenses with 50 mm focal length and one
15 um confocal pinhole at the foci. The objective lens is originally designed for a tube
lens with 200 mm focal length to achieve the 100X magnification. In this work, a
lens with 50 mm focal length is used as the tube lens. Hence the total magnification
in the image plane, where the pinhole is located, is reduced to 25X The excitation laser
focuses on the sample and the diameter of the airy disk is estimated as
1.22xwavelength/NA = 1.22X (700 nm)/1.4 = 605 nm. Hence, the imaginary spot
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on the pinhole is magnified 25 times to 605 nm X 25 = 15.125 pum. This pinhole size,
therefore, is referred to as 1 airy unit [112]. This is a good compromise with good
background suppression and better photon detection efficiency.

DM 2

561 nm Iaser.
P

DM 1

PH == o l AOM

\
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CCD

Tt
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Figure 3.1: Layout of the integrated setup. The setup mainly consists of
561 nm cw laser (green path), 780 nm femtosecond laser (red path), acousto-
optic modulator (AOM), CCD camera, silicon photodiode (PD), beam-splitter
(BS), objective lens (Obj) dichroic mirrors (DM1, DM2), pinhole (PH) and two
avalanche photon diode (APD). Also, the detection path is sketched (orange color)

To suppress the pump light, a long-pass filter with a cut-on wavelength of 650 nm
(FEL0650, Thorlabs GmbH) is used. The fluorescence light is then focused onto the
input of the Y-shape 50/50 fiber (MM coupler grade A, Laser Components) coupler.
The two fiber splitter outputs are mounted onto two single photon avalanche
photodiodes (t-SPAD-100 from PicoQuant) forming an HBT setup to measure the
second-order correlation function verifying the single NV center. Electric signals
generated by APDs are sent to time-tagging electronics (TimeHarp 260 from PicoQuant)
connected to a computer. There are two software used for the second-order correlation
measurement: one is a commercial Time-Correlated Single Photon Counting model

from PicoQuant and the other is home-built Fluorescence Correlation Spectroscopy
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software by PD Dr. Andreas Naber.

The red path in Figure 3.1 indicates the DLW optical path with the femtosecond laser.
To get a higher writing resolution result, the laser focused spot radius is supposed to be
much closer to the Abbe diffraction limit [112]: d = wavelength/2NA. A higher NA
can be experimental realized by collimating the first order of the diffracted laser from
the AOM by a beam-expander telescope lens set which enlarges the laser diameter to
2 mm to fully fill the objective lens entrance pupil. The software used for DLW is
originally designed by Dr. Joachim Fischer and modified by integrating the
functionalities for characterization of single-photon sources.

3.2. Optical path alignment

When using two lasers, it is important to know the axial and lateral displacements
between the foci of two lasers. And the displacement correction is essential as it
responses to the main experimental error afterwards. Here presents a method to
calibrate two laser beams invited by Dr. Joachim Fisher.

In the ideal case, the two laser beams should be recognized simultaneously to avoid the
drift of the sample. The drift of the sample is pronounced when the translation stage
moves while switching the samples. The drift can last up to several hours until the
steady state. In this case, the drift changes the experiment spatial coordinate with time
and leads to an error if the calibration of two laser foci is in two separate experiments.
A simultaneous calibration process in one step can eliminate the relative displacement
error. However, it is not possible to distinguish two lasers by directly measuring the
focus image on the camera or the laser intensities. One can circumvent this problem by
coding the two lasers differently. In our work, the two lasers signals are modulated with
the same frequency but orthogonal initial phases. Thus, the detected light from two
sources are discriminated after demodulation.

The two laser beams are focused on the sample by the high NA objective lens. To
calibrate the spatial position of the two focuses, single gold beads with spherical shapes
are used to highly scatter the focused laser lights. The gold beads have diameters of
around 80 nm which are point-like probes compared to the focus volume of the laser.
When preparing the calibration sample with gold beads, two requirements have to be
fulfilled. Firstly, gold beads are required to distribute separately on the surface of the
substrate without movement over time. Secondly, the environment around gold beads
should mimic the one in the experiment later. Namely, the surrounding refractive index
should be close to uniform and match the refractive index of the material in later
experiments. Here, the gold beads aqueous suspension is first spin-coated onto a glass
substrate. The distributed gold beads are fixed by Van der Waals force on the surface.

46



Subsequently, the sample is covered with the chosen photoresist (referring to Chapter
4) monomer pentaerythritol triacrylate (PETA) with a refractive index of n = 1.484.
This cover layer modifies the refractive index of the environment and reduces the
reflection of the interface between glass and air. The detection scheme is depicted in
Figure 3.2 (a).

The calibration sample is fixed on the stage for linear scans of the gold beads in three
dimensions. The focused laser light is highly backscattered when it hits the gold bead.
The backscattered light is collected through the objective lens and detected by a silicon
photodiode (Thorlabs FDS 100). To improve the accuracy of detection, two laser beams
are firstly modulated by two synchronous-square-waves electric signals generated from
two arbitrary-waveform generators (Hewlett Packard 33120A). The square-wave
signals have 4 kHz frequency and they are synchronously triggered by one reference
signal generated from a lock-in amplifier (Stanford Research Systems SR830 DSP)
with the same frequency. Therefore, backscattered lights detected by the photodiode
during the linear scan are modulated. And the lock-in amplifier demodulates and
extracts electric signals carrying 4 kHz frequency from the photodiode signals
according to the reference signal. In this way, ambient light signals without modulation
are filtered and thereby to improve the signal-to-noise ratio. The electric signals of two
laser beams from the lock-in amplifier are fed into two channels of a data acquisition
device (National Instruments Corporation) which sends signals to the computer via a
PCI card. It is discussed above that the two laser beams are better recognized
simultaneously. For this purpose, a phase shift of 90° is added to the 780 nm laser
beam by the arbitrary-waveform generator such that even with one photodiode to detect
backscattered light from both lasers, the lock-in amplifier can still discriminate the one
in phase and the other one with orthogonal phase modulation with respect to the
reference signal.
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Figure 3.2: Laser foci alignment. (a), Sketch of the layout of the experiment.
The gold spherical beads are spin-coated on the glass covered by a layer of
monomer. One additional glass foils the sample being a standard alignment
specimen. The femtosecond laser and the cw laser foci are modulated out of phase
by 90° in order to simultaneously scan the gold beads layer and the back-
scattered light are detected by a silicon photodiode. (b) plots the line scan
experiment data around a single gold bead along the lateral x direction. The fit for
two sets of data indicates a 10 nm relative offset between two foci which is
within the accuracy range. Furthermore, the focus intensity profiles for planar
scans of the gold beads are shown for an x-y (¢), x-z (d) and y-z (e) plane for both
laser foci respectively.

Figure 3.2 (b) shows the exemplary line-scan data sets of the calibration process in one
direction. The peaks of the two signals indicate the center positions of the gold bead
found by two lasers. The experimental repeatability is about 20 nm. The home-build
software is designed by Dr. Joachim Fisher. With this method, the spatial shift of two
laser foci is measured in 3D by three scanning procedures. The lateral displacement is
corrected by tilting one mirror at the optical path, followed by the collimation of the
beam by adjusting the second mirror. The axial error is corrected by moving the lens of
the beam-expander telescope along the propagation axis of the femtosecond laser. It
requires several repetitions of both beam alignment processes to achieve two collimated
beams with a relative displacement of below 20 nm. The beam profile is visible by
displaying the three-dimensional data set as shown in Figure 3.2 (c)-(e) for both beams.
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3.3. Sample preparation process

For the implementation of two integrated processes in this work, some additional
requirements on the sample especially on the photoresist, which are particularly
discussed in Section 4.1, need to be fulfilled. Here presents the procedure for the sample
preparation.

The photoresist mostly used in this work contains pentaerythritol triacrylate (PETA) as
the monomer (Sigma-Aldrich) and Irgacure 819 (BASF) as the photoinitiator. This
photoresist recipe is denoted as LP in the following thesis. The work process requests
immobilization of NDs in the photoresist. The liquid mixture LP cannot prevent NDs
from drifting around. The solidification of LP can be accomplished by Polymethyl
methacrylate (PMMA). However, it takes tens of hours to dissolve PMMA powder
directly in LP. This problem is solved by employing acetone as an intermediate solvent.
Acetone is miscible with water and compatible with the photoresist. It dissolves the
PMMA powder within 2 hours with the aid of magnetic stirring. The amount of the
acetone is not crucial because it evaporates afterwards in the spin-coating process. The
PMMA solution is then mixed into LP with 20% weight fraction. This mixture is
denoted as SP in the following thesis. The viscosity of SP can be modified by heating
and stirring process for a certain time. Normally, SP gets highly viscous after 1 hour of
treatment. The viscosity influences the thickness of the photoresist layer used for the
experiment. If a thin layer of solid photoresist is required, more acetone is added into
SP, which accelerate the spread speed of the photoresist layer in the spin-coating
process. One fundamental fact realizes this work is that SP does not get polymerized
by the 561 nm cw laser within the power range used for the laser scanning confocal
fluorescence microscope.

In our experiment, the commercial NDs aqueous suspension from Microdiamant AG is
used. However, when directly mixed with photoresist, it causes unexpected local
explosions in the DLW process because of the water and the aggregation of NDs.
Furthermore, impurities, especially the ones attached to the surface of the diamond
nanocrystals, exhibit high bleachable fluorescence emission intensity under excitation.
This impedes searching and localizing of single NV centers. The purification of NDs
can be achieved by a well-established process involving multistage chemical treatment
[113-114]. Here, several steps of physical treatments are implemented to extract NDs
from the aqueous suspension into isopropanol or acetone with less impurities. The NDs
suspension is first mixed with isopropanol or acetone with 1:1 volume ratio.
Isopropanol is also miscible with water and LP photoresist, but compared to acetone it
is less erosive to SP. Thus, NDs in isopropanol suspension are suitable for spin-coating
on an existing SP layer. The mixed NDs suspension is at first subjected to an
ultrasonication treatment for 2 hours to reduce the aggregation of NDs with a size
above 200 nm [115]. Then the suspension is centrifugated at 1500 rpm for 30

mins to separate NDs with still remaining visible particles and other contaminants
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which form the sedimentation at the bottom after the centrifugal. After this treatment,
only the ultra-fine ND particles with a diameter below 100 nm remain in the
suspension. The upper part of the suspension is then diluted with pure isopropanol or
acetone to dilute the water. After five-fold repetition of this purification process, a
colloidal suspension containing evenly dispersed ND particles is obtained as shown in
the 3D laser scanning confocal fluorescence image of Figure 3.3. Details about the
experiment are described in Section 3.4.
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Figure 3.3: 3D visualization of the laser scanning confocal fluorescence images
of two types of samples. Emitters are shown with the dark blue iso-intensity
surface. (a), In the mixed sample, NDs are distributed in the volume of the solid
photoresist with arbitrarily fixed 3D positions. (b) shows the experiment of a
sandwich sample, which contains two layers of photoresist clamping one layer of
NDs. Emitters are well confined in a horizontal layer at a certain height with
around 1 pum accuracy.

With the well-prepared photoresist, SP and NDs suspension, two types of samples with
different preparation procedures are prepared for distinct purposes: the mixture mode
and the sandwich mode.

For the mixture mode as shown in Figure 3.3 (a), the pre-treated NDs-acetone
suspension is mixed with SP. The mixture can be spun on the glass substrate or simply
cast onto it. After evaporation of acetone, the mixture turns to solid with fixed positions
of the embedded NDs.

In the sandwich mode sample as shown in Figure 3.3 (b), just as the name implies, NDs
are well dispersed in a layer within the SP with nearly uniform height. The inserting of
an ND layer involves two steps. First, one layer of SP is spin-coated on the glass
substrate. The thickness is controlled by the process parameters as well as the viscosity
of SP. For example, the procedure of spin-coating the SP contains 30% volume of
acetone with 4000 rpm for 30s forms an SP layer with a thickness of 5 nm. Second,
the pre-treated NDs suspension in isopropanol is spun on the top of the sample and is
subjected to spin-coating of another layer of SP.

It should be mentioned that the ND particles suffer from severe agglomeration with
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ambient amorphous carbon and nanoparticles. But the ultrasonic treatment is not
sufficient to eliminate all the agglomerates. The degree of agglomeration can be
significantly reduced by laser treatment [116]. Additionally, the density of isolated NDs
in the photoresist can be increased by enhancing the solubility of the NDs in organic
solvents using surfactants [117]. However, in our experiments, a colloidal suspension
with a high density of isolated single NDs is not crucially required. The primarily
treated suspension with the method described above fulfills the requirement of
localizing isolated single NV centers with clean surrounding in a relatively large
volume.
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3.4. Localization of NV centers

With the help of the integrated setup demonstrated in Section 3.1, one can find out the
presence of single NV centers on the sample and subsequently characterize them. In
this section, the procedure of NV center localization which can be automatically
controlled by the computer program is introduced.

With the setup, planar zigzag-raster laser scanning is performed within the range of
20 pum X 20 pm with a small raster pitch. At each pitch step, the instantaneous
fluorescence intensity is detected by the APD, and simultaneously the position
information is collected from the feedback of the piezoelectric stage controller. Due to
the intrinsic electronic error and the mechanical delay of the stage, the position data
collected are not exactly the same as the commands sent to the controller, and thus when
forming the fluorescence map directly by the raw data, the edge of the map shows
sawtooth error between adjacent line scanning. Therefore, the data of 2 pm near each
edge are abandoned and the raw position data are binned with averaged surrounding
fluorescence intensity, which results in the reformed fluorescence image of
16 pm X 16 pm. Figure 3.4 demonstrates an exemplary 2D laser scanning confocal
fluorescence image in a mixture sample prepared as described in the preceding section.
The potential photon emitters are automatically recognized by a computer program. It
searches for the brighter area in the 2D scanning data set and fits each intensity
distribution with a 2D Gaussian distribution function. One well-fitted emitter is
indicated by the red circles in Figure 3.4 (a).

The 2D fluorescence image intuitively indicates the emitter distribution at this layer. A
3D visualization of the fluorescence intensity within a certain volume is realized by
reconstructing successive 2D planar fluorescence images of multiple layers along the
vertical axis. Figure 3.3 in the last section shows the exemplary 3D visualization of a
sandwich mode sample and a mixture mode sample, respectively.

However, from these fluorescence images, one cannot read the bleaching information
and the precise location information of each emitter. In the next step, the sample is
moved to the position where the laser focuses at each circled emitter and subjected to
line scanning in three dimensions. The stage movement speed, in this case, is much
slower to achieve higher accuracy. Fluorescence intensity is detected by one APD.
Figure 3.4 (b)-(d) show the exemplary data set. The three plots are three line scans in
x,y,z direction, respectively. After fitting the data set by the Gaussian distribution,
one can extract the center position of each emitter. Emitters which are bleachable
exhibits down going trend of the fluorescence intensity in the successive scanning sets
and are discarded. This eases the following process for determination of single NV
centers because of the high photostability of them.
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Figure 3.4: Confocal laser scan of NV center sample in the photoresist. (a) is
an exemplary fluorescence intensity map in the lateral plane. The sample was
scanned with a 561 nm cw laser at the power of 100 uW. Bright spots in the
map indicate the fluorescence emitter with the circled one pre-fitted by the
Gaussian distribution. The line scan data of which in x, y, z directions are plotted
with blue dots in (b), (¢) and (d), respectively. The red lines in x, y directions (b),
(c) are fit curves according to a Gaussian profile based on a constant fluorescence
background. The fit for the vertical direction (d) is performed based on a Gaussian
profile pluses a step signal corresponding to the fluorescence difference between
the glass and the photoresist.

In this way, information including the average intensity and the position of each NV
center candidate are automatically recorded on the computer. Afterwards, an electric
signal is sent to the Time Tagging Electronics card (TimeHarp 260, PicoQuant) which
automatically triggers the second-order correlation measurement. At each emitter
position, the excitation laser is turned on and the fluorescence light is collected and
guided into two silicon APDs via a 50%:50% Y-shape splitting fiber coupler.
However, there exists a fluorescence cross-talking between two silicon APDs. Photon
detection events cause an emission of the silicon atoms in each APD and the
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fluorescence photons are guided by the Y-shape fiber to the other one, which is shown
as the coincident events in the gray areas in Figure 4.5 (a). For each emitter candidate,
the measurement time scale is 300s for less time-consuming and the raw data are
saved to the computer disk for further manually examining. A standard g (7) data is
shown in Figure 3.5 (a) with a dip down to 0.21 < 0.5 indicating the single-photon
emission. The satruation of the emission is shown in Figure 3.5 (b) (refering to Section
2.2.1), where the NV center of interest is excited with increasing laser intensity. And
the fluorescence intensity are collected by the APD. For each saturation experiment,
the background light obtained from a reference sample or an adjecent position are
subtracted from the NV center fluoresncece.
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Figure 3.5: Illustration of NV center characterization. (a), For each NV center
candidate, the second-order correlation measurement is performed with HBT
setup. The data are fitted according to the three-level model (referring to Section
2.2.1) as shown by the orange curve. The two gray areas indicate the photon events
generated from the cross talk between two APDs. (b) plots the photoluminescence
(PL) intensity versus excitation laser power. The red curve is a fitting according to
the three-level model of NV center (referring to Section 2.2.1).
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3.5. Determining the orientation of NV-center dipoles

For the application of NV centers, it is useful to determine the orientation of the optical
transition of NV centers to maximize the coupling efficiency. The fluorescence of NV
center is related to two degenerate dipoles which are orthogonal to each other and they
form a plane perpendicular to the NV symmetry axis [59] as shown in Figure 3.6.
Previous work of [118] demonstrated the experiment to determinate the orientation of
a molecular single dipole by using linearly polarized excitation light. A similar
approach is used here with the integrated setup to evaluate the dipole orientations of an
NV center by measuring the polarization-dependent fluorescence intensity modulation
depth (PDMD). In the following, the theory based on the model of the NV center is
deduced and then implementation of the experiment using the integrated setup is
described.

(a) (b)

Figure 3.6: Orientation demonstration of dipoles in the NV center. (a) shows
the lattice structure of the NV center in diamond. The nitrogen atom, vacancy and
the carbon atoms are denoted by the red, semi-transparent and gray spheres
respectively. (b) illustrates the spatial orientation of the two orthogonal dipoles of
the NV center by the Euler angles with respect to the lab frame (x, y, z) and the
rotated NV center coordinate is denoted by (X,Y,Z). Z indicates the NV axis and
the X and Y indicate the two degenerate dipoles. The two degenerate dipoles
form a plane intersecting with the lab frame x — y plane. The Euler angle « is
the angle between the intersection line N with x axis. [ is the angle between
the NV axis with the z axis of the lab frame. y is the angle between the
intersection line N with one of the NV dipoles.

55



Figure 3.6 (b) shows the orientation of the two dipoles, where a,  and y are the
Euler angles of the NV coordinate with respect to the lab coordinate system. In the
diamond nanocrystal, the NV axis is orthogonal to the plane formed by the two
degenerate dipoles. The three axes form a new coordinate system XYZ where two
dipoles are along X and Y respectively.

Here the unit vectors #i; and i, are used to represent the two dipoles. Based on the
coordinate transformation, #; and 1, can be transformed from the original XYZ
coordinate to the lab coordinate frame as [152]:

sina cosy + siny cos a cos 8

cosa cosy — sina cos ff siny
ﬁl = )
sin ff siny

—sinasiny + cos a cos § cosy
sinf cosy

cos 9
- .
€linear = | SIN |,
0

V2
€circutar = | V2i |
0

—cosasiny —sina cos S cosy
i, = ( ) (3.5.1)

where €)j,04r 1S the unit vector of the linearly polarized electric field and €.;rcyiqr 1S
the unit vector for the circularly polarized excitation electric field of the excitation light.
The linearly polarized light is in the x — y plane of the lab frame enclosing the angle
Y as the polarization direction with respect to the x axis. In the coordinate
transformation process, one already has a to determine the relative angle between the
dipoles and the x axis. For simplification, it is assumed that the excitation light is
always along the x axis which corresponds v = 0.

For linear polarized light, the fluorescence intensity is proportional to the coupling
between the two dipoles and the excitation light as:

o< (i, €)%+ (I, - )2 =1 —sin? a - sin? B, (3.5.2)

where a changes when rotating the excitation polarization in xy plane.

56



—
Q
~
—
O
~
—_
(9]
~

B=0° p=45° B=90°

> =2 2
= k) ‘»
g 1 &1 &1
z E \/ £
- o kel
g I I
g : £
6 [©] ]
=0 Z0 . : . Z0
0 90 180 270 360 0 90 180 270 360 O 90 180 270 360
polarization a (degree) polarization a (degree) polarization a (degree)

@
Figure 3.7: Simulation of fluorescence intensity with rotated excitation
polarization for different NV-dipoles orientations. The NV dipole orientations
are rotated by 0°,45° and 90° in (a), (b) and (c), respectively. The fluorescence
intensity variation upon rotated excitation polarization in the horizontal plane is

shown in the upper row. The corresponding NV center orientation angles with
respect to the lab frame are sketched in the lower row.

A circularly polarized excitation light i.e. & = (v/2, V2i, 0) leads to the analogous to
equation (3.5.2):

I o< (Tl - €)%+ (i, - )2 = 1+ cos? B, (3.5.3)
However, the values of @ and £ in the equation (3.5.2) cannot be easily determined
because the absolute magnitude of the coupling intensity is generally unknown. This

can be solved by defining a polarization dependent fluorescence intensity modulation
depth (PDMD) as:
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Lnax = Inin _ 1 — cos® B
Lnax + Imin 14 cos2f’

P= (3.5.4)

Thus, the Euler angle B of a fixed NV center determines the varying range of the
fluorescence intensity. The PDMD can be recognized and read out from the
fluorescence intensity variation during changing the polarization of the excitation in the
x —y plane. In the case of NV-axis perpendicular to the polarization plane (8 = 0),
the fluorescence intensity exhibits no variation when rotating the polarized excitation
laser, whereas in the case where the N'V-axis is parallel to the polarization plane (f =
m/2), the polarization modulation depth is unity. The simulation of the modeling is
presented in Figure 3.7.
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Figure 3.8: NV center orientation determination by the optical polarization
dependence. (a) shows a laser scanning confocal fluorescence image. The bright
spots are emitters and the circled two are single NV center candidates labeled by
1 and 2. (b) shows the scanning confocal fluorescence image of the same area with
the polarization of the excitation laser rotated by 90°. The NV 1 and NV 2 are
indicated by circles. Fluorescence intensity of NV 1 is clearly dimmed whereas
the fluorescence intensity stays almost the same with the orthogonally polarized
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excitation laser. The measurement data of fluorescence intensity of NV1 and NV
2 versus polarization angle is plotted in (¢). The red curves are produced by fitting
the theoretical model to the data. The excitation laser power is below the saturation

power.

Experimentally, the linearly polarized laser is modified by a half-wave plate fixed on a
rotatable mount at the optical path. The power used in the experiment is 100 pW
which is required to stay below the saturation power (the definition and methods are
explained in Section 2.2.1) of an individual NV center. The sample is prepared as
described in Section 3.3. NDs are pre-treated and evenly dispersed in the photoresist
SP (see Section 3.3) and the mixture is drop-casted on the glass substrate. The sample
is characterized on the integrated setup as described in Section 3.1. The fluorescence
map is shown in Figure 3.8 (a). Each potential emitter is subjected to the second-order
correlation measurement with the aid of the HBT setup, followed by a background
correction (see Section 2.2.1) to confirm the single-photon emission. The characterized
emitters with g®(0) < 0.5 indicating the single-photon emission are selected.
Subsequently, the half-wave plate is successively rotated to change the polarization of
the excitation light with steps of 15° and the fluorescence count rate is recorded by
APD.
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Figure 3.9: The statistic of polarization dependent modulation depth of single
NV centers and double NV centers. The blue bars indicate the single NV centers
with g@®(0) < 0.5 in the second-order correlation measurement. And the red
frames indicate the double NV centers with 0.67 > g (0) > 0.5, where 0.67 is
the calculated g®(0) value of double NV centers referring to equation (2.1.30).
All g@(0) values are corrected from the background fluorescence (referring to

Section 2.2.1)
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Two NV centers with polarization dependent fluorescence modulation behaviors are
depicted in the fluorescence images of Figure 3.8 (a) labeled as 1 and 2. Figure 3.8 (b)
shows the image of the same area but with the excitation polarization rotated by 90°.
Comparing the two images, one can find that NV 1 shows undetectable fluorescence
intensity after rotation while the other emitter NV 2 remain as before. The statistic
measurements of fluorescence intensity with continuously changed laser polarization
on NV 1 and NV 2 are plotted in Figure 3.8(c). One can see that the NV 1 expresses
highest fluorescence intensity but the least modulation depth. According to the model
described above, two NV dipoles are equally coupled with the excitation laser which is
approach to the model of f = 0. The NV 2 exhibits more modulation depth but less
intensity because the dipole moment projected onto the polarization plane is small. The
PDMDs are derived from the fitting model. NV 1 shows PDMD value of 80% and
NV 2 shows a PDMD value of 0, which corresponding to f = 70.52° and f = 0°
respectively.

In order to perform statistical analysis, 40 single NV centers and 40 double NV centers
are characterized. Their characters as a single NV center or double NV centers is proved
by the background-corrected g (0) value. The PDMD is measured on each one. The
statistics of PDMD is shown in Figure 3.9. It can be predicted that the double NV center
has two sets of degenerate dipoles, therefore the probability to find deep modulation
for a double NV centers is much less than for a single NV center.

In this chapter, integrated setup combining two functionalities of DLW and NV center
characterization is shown. The characterization process introduced above provides pre-
characterized NV centers with desired properties for the following on-demand
fabrication of quantum-photonic components with high yield and accuracy. The relative
positions of the structure and NV centers and can be independently and arbitrarily
designed or chosen in 3D within the setup accuracy. Moreover, this characterization
method is not restricted to NV centers in NDs but can be used for other single-photon
sources such as silicon-vacancy center.
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4.Photoresist challenges

Works in the thesis base on the idea and the experimental setup integrating the
functionality of laser scanning confocal fluorescence microscopy and DLW. In this
fashion, NV containing NDs can be localized in a first step and be integrated in the
following lithographic step. However, such a setup gives rise to its own challenges. The
sample used here consists of NDs in a negative tone photoresist. As described in Section
2.4.2, the photoresist is comprised of photoinitiator and a monomer. Usually, the former
is photosensitive and exhibits fluorescence in the most cases. During confocal
fluorescence microscopy, the single-photon emission must emerge clearly from the
fluorescence background of surrounding excited photoresist molecules. On the other
side, the laser scan microscopy should not polymerize the photoresist in advance.
Another concern is that the experiment coordinated for NV centers must be fixed in
both scanning and writing processes, which requires the unpolymerized photoresist to
be solid or viscous enough to restricting the NDs from floating or sinking.

In this chapter, photoresists are characterized and selected from several candidates
concerning the aspects described above.

4.1. Fluorescence of photoresists

In a negative photoresist system, photoinitiator can absorb light of a particular
wavelength to generate active free radicals or strong acids [103], which can convert the
monomers into an insoluble form typically by undergoing an increase in molecular
weight or by the formation of a new insoluble cross-linked network. The photoinitiator
plays a very important role in the negative-tone photoresist, and many efforts have been
directed at the development of photoinitiator systems to achieve a proper dynamic range,
higher resolution and less local explosions [119-120].

However, one of the problems affecting the performance of the photoresist in the
quantum-photonic application is the fluorescence. Fluorescence is an optical
phenomenon that occurs when a molecule absorbs light at a particular wavelength and
subsequently emits light at a longer wavelength. Upon exposure to an excitation
radiation, molecules absorb the photon energy to a higher energy state, followed by a
depopulation of this state back to the lower energy state. This depopulation process is
determined by the electronic configuration of the molecule [104] and can take place via
the radiation transition, internal conversion and intersystem crossing. The depopulation
occurs with an intrinsic decay lifetime which is the inverse of the sum of the rate
constants (k) of all transition processes:
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The fluorescence behavior from different photoresist varies. For example, SU-8 is a
widely-used photoresist in many applications. The main feature of SU-8 photoresist is
to offer the high aspect-ratio, surface modification, and transparent observability for
the complex 3D microfabrication. But SU-8 photoresist contains benzene rings
exhibiting considerable fluorescence [105]. This effect is beneficial in bio-imaging
applications but highly unwanted in the quantum-photonic field. If single-photon
sources are embedded in or covered with SU-8 having high fluorescence, it is difficult
to differentiate the target object from the photoresist resulting in the low contrast ratio
(signal-to-noise ratio) and thus the quantitative analysis such as characterization of
single-photon emission becomes difficult. Likely, final fabricated polymer components
around single-photon emitters are also required to preserve the single-photon emission
characteristic.
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Figure 4.1: Observation of fluorescence from SU-8 photoresist before and
after being polymerized. (a) is the laser scanning confocal fluorescence image of
SU-8 photoresist as an example of photoresist with high fluorescence, and (b) is
the laser scanning confocal fluorescence image of a laser written micro-structure
using SU-8 indicated by the bright curve. In both cases, the unpolymerized
photoresist and the polymer structure show high fluorescence hindering the
localization of quantum emitters such as NV center which exhibits detected single-

photon counts around 10° counts/s.

Figure 4.1 (a) shows the laser scanning confocal fluorescence image of SU-8
(Microchem Corp) photoresist spin-coated on the glass substrate using a 561 nm cw
laser with 100 pyW power. The SU-8 exhibits inhomogeneous fluorescence intensity
reaching up to 10° counts/s which is in the same level of the count rate detected from
the NV centers (1.1x10° counts/s in the case of Figure 3.4). Such inhomogeneity is
caused by several times of pre-scan at the right area. A micro-structure in the form of a
polymer curve is fabricated on the sample by the DLW process and Figure 4.1 (b) shows
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the laser scanning confocal fluorescence image after the sample is developed (the
method is described in Section 2.4.3). The polymer curve on the glass substrate is
clearly revealed by its high fluorescence count rate. Such background signal of the
microstructures interferes with the accuracy of the observation of single photons in the
experiment both before and after the structure is formed.

4.2. The photobleaching effect

Some photoresist and polymer molecules (normally with high fluorescence) are not
photostable upon excitation exhibiting the photobleaching phenomenon. In contrast to
the mechanism of fluorescence, photobleaching is the photochemical alteration of
molecules or atoms after which they are unable to fluoresce. This effect is believed to
be caused by cleaving of covalent bonds or non-specific reactions between the
fluorophore and surrounding molecules such as oxygen [106]. Some irreversible
modifications in covalent bonds involve the transition from a singlet-state to the triple-
state of the fluorophores which cannot take part in the radiation process since they are
spin--forbidden [107-108]. The excitation cycles accumulate over time and result in
maximum bleaching to a steady state. The bleaching rate is a function of excitation
intensity. For biological experiments, the photobleaching complicates the observation
of fluorescent molecules, since they will eventually be destroyed by the light exposure.

4.3. Analysis experiments for photoresist fluorescence

Thanks to the previous work of Dr. Joachim Fischer [109], photoresist candidates with
excellent writing performance have been characterized. In this section, the fluorescence
property of the different photoresist recipes is examined.

As introduced in Section 2.4.2, the photoresist contains monomer and photoinitiator.
To achieve a photoresist recipe with low fluorescence, the experiment starts with
inspecting the fluorescence from the monomer. Three commonly used monomers are
examined here: pentaerythritol triacrylate (PETA from Sigma-Aldrich), pentaerythritol
tetraacrylate (PETTA from Sigma-Aldrich), and trimethylolpropane triacrylate
(TMPTA from Sigma-Aldrich).

All glass substrates used are cleaned by ethanol, isopropanol and distilled water
successively. The three monomers are liquid. In order to make sure that all photoresists
are under the same experiment condition, the glass substrate is segmented into three
sections by three solid Polydimethylsiloxane (PDMS) hollow circular rings with around
7 mm inner diameter. Each PDMS block contains one casted drop of each kind of
photoresist. The whole sample is fixed on a piezoelectric stage for precise 3D
movement.
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Figure 4.2: Monomer bleaching experiment. Under the confocal fluorescence
microscopy, all monomers are pumped by the 561 nm cw laser at 250 uW. The
dots are experiment data sets of photoluminescence intensity from TMPTA (red),
PETTA (blue) and PETA (green). Black curves are the fits according to the
biexponential model from reference [108].

The whole sample is fixed on the setup described in Section 3.1. And the monomer is
pumped by the 561 nm cw excitation laser at 250 puW power. In this experiment, no
pre-bleaching is performed on the photoresist. Around each PDMS segment, the
piezoelectric stage moves such that the excitation light focuses into the photoresist
volume with 7 um above the interface between the monomer and the glass substrate.
As a result of the confocal microscopy, photons detected by the APD are exclusively
from the tight confocal volume. The fluorescence collection process lasts for 55
seconds. Figure 4.2 shows the experiment results for all three candidates, where the
photobleaching effect of different photoresists are distinct but behave differently. The
experiment data sets are fitted according to the biexponential model as described in
reference [108]. From Figure 4.2, one can see that TMPTA shows higher fluorescence
along with more prominent photobleaching and PETA show the least photobleaching.
Comparing to the count rate from NV center which is on the order of 10° counts/s,
the fluorescence from these three monomer candidates is not crucial. It is confident to
choose PETA as the monomer for the photoresist recipe in this work with minimally
influence on quantum emitters fluorescence.
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Figure 4.3: Bleaching experiment for photoresists with PETA as monomer
and different photoinitiators: Irgacure 369 (a) and Irgacure 819 (b) at 1%
(orange), 2% (red) and 3% (blue) concentration. Under confocal fluorescence
microscopy, all monomers are excited by the 561 nm cw laser at 250 pW. (a)
shows the photoluminescence (PL) of PETA mixed with Irgacure 369 of different
concentrations versus time. (b) shows the PL of PETA mixed with Irgacure 819 of
different concentrations versus time. The overall PL from Irgacure 819 mixture is
around four times lower than the Irgacure 369 mixture. Gray curves are fits
according to the biexponential model from reference [108].

The photoinitiator candidates for the PETA monomer can be Irgacure 819, Irgacure 369
and 7-diethylamino-3-thenoylcoumarin (DETC). DETC, however, has been proved to
exhibit relatively high fluorescence in the work of Dr. Joachim Fisher [109] and thus
can be abandoned. To inspect the contribution of the photoinitiator on the photoresist
fluorescence, another sample is prepared on the glass substrate segmented again into
six areas by the PDMS circles. Three of the PDMS hollow circular blocks are filled
with the PETA mixed with Irgacure 819 in a weight ratio of 1%, 2% and 3%,
respectively. The other three circular blocks are filled with PETA mixed with Irgacure
369 in a weight ratio from 1% to 3%. Afterwards, the same experiment as for the
monomer is performed and the fluorescence intensity is compared. Figure 4.3 shows
the experiment results. Photoresists with Irgacure 819 exhibit more than four times
lower fluorescence intensity than the ones with Irgacure 369 with corresponding
concentrations. In the case of Irgacure 369 mixture, photoinitiators contribute the
fluorescence photoinitiators more than the monomer PETA, and with increasing
concentrate of the photoinitiator, the fluorescence increases by a factor of 1.87. While
for the Irgacure 819, three times concentration variation enhances the fluorescence
intensity by a relatively lower factor of 1.2. In the case of comparable laser written
quality, it is capable of choosing proper photoinitiator concentration to achieve desired
writing thresholds without altering the accuracy of the fluorescence experiment. From

the experiment above, the photoresist consisting of PETA as monomer and Irgacure 819
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as photoinitiator has been found to be good candidate for our single-photon
fluorescence experiment.

Fluorescence from polymer structures:

From the test above, a photoresist consisting PETA as monomer and Irgacure 819 as
photoinitiator with low fluorescence is chosen. However, it is not necessarily equal to
exhibiting a low fluorescence after polymerization, as during the DLW process the
polymerization process involves chemically reacting monomer molecules together to
form new polymer chains or three-dimensional networks [99]. The fluorescence of the
polymerized structures needs to be examined. And the experiment is shown below.
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Figure 4.4: Background fluorescence of four different photoresists. Data
points indicate SU-8 (black), IPG (red), Ormocomp (green) and the home-made
solid resist introduced and described in this work (blue), respectively. The sample
are bleached to steady state for each of the four photoresists. The recorded
background fluorescence on a logarithmic scale is depicted versus excitation
power. This figure is adapted from reference [110].
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Figure 4.5: Photoresist with low background fluorescence. A laser written
photoresist cube with 5 um side length on top of a silica glass substrate is excited
by a tightly focused (NA = 1.4) continuous-wave laser at 561 nm wavelength
and with 80 uW power. The resulting background fluorescence is recorded by
confocal detection versus the z-position of the sample with respect to the laser
focus. The solid curve shows a z-scan through the resist, whereas the dashed
curve is a z-scan through a glass-air interface for comparison. If the focus lies
within the glass substrate (z < 0 pm), the detected signal is much larger than the
dark count rate (670 counts/s) for the case that the focus lies in air (z > 4.5 um).
This figure is adapted from reference [110].

The photoresist recipe consisting of PETA as monomer and 3% (wt) Irgacure 819 as
photoinitiator obtained from the last experiment is used here. But in order to solidify
the photoresist for fixing the NDs in the photoresist (referring to Section 3.3), additional
acetone dissolved PMMA in the photoresist with the volume ratio of 7:3 is added. After
quick evaporation of the acetone, the photoresist turns to be solid. In such photoresist,
the quantum emitters can be spatially fixed.

Here, the fluorescence intensity versus the excitation power is compared between this
home-made photoresist with SU-8 (Microchem Corp), IPG (Nanoscribe GmbH) and
Ormocomp (micro resist technology GmbH) as shown in Figure 4.4. Four kinds of
photoresist are drop-casted on the segmented glass substrate as described in the last
section. Afterwards, square-shaped areas with 10 pum side length and 6 pum height
are exposed and polymerized by our lithography setup. Next, the setup is switched to
the excitation laser at 561 nm wavelength and locate its focus within the photoresist
volume and record the fluorescence. The excitation laser is focused above the glass
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surface into the polymer blocks and keep the laser on with a power of 2 mW to bleach
the fluorescence to a steady state (the similar bleaching behavior as in Figure 4.2). For
different polymers, the bleaching time varies. Nevertheless, in our experiment, 5 mins
are sufficient for all polymer structures. After quenching, the fluorescence signals are
recorded and the focus position is fixed at the same position in the polymer while
gradually increasing the excitation laser power from 0 to 1.2 mW. From Figure 4.4 one
can see that even though an additional part of PMMA is added, the home-made
photoresist shows fairly low fluorescence then other commercial ones.

To get an intuitive concept of the fluorescence level, the fluorescence from the
polymerized photoresist recipe is compared with the glass substrate as shown in the
experiment of Figure 4.5. One polymer square is written with the same procedure as
described above. In this experiment, the piezoelectric stage moves twice: at the first
time the piezoelectric stage moves such that the laser focus moves up from inside the
glass gradually through the polymer and then to the air; while at the second time, the
piezoelectric stage first moves the polymer block away and the same trajectory from
the glass substrate directly to the air is repeated. Such that the z-scan experiences no
polymer block. The process is depicted by the inset. The laser power used here is
80 uW. The background fluorescence count rate from the photoresist of 1000 count/s
(difference between solid and dashed curves) is about six times smaller than that of the
glass substrate.

As a conclusion, the fluorescence of some photoresists commonly used for DLW is
inspected in this chapter. The achieved recipe (PETA as monomer, Irgacure 819 as
photoinitiator and PMMA as the solidified agent) exhibits low fluorescence intensity in
both un-polymerized and polymerized forms. This low-fluorescence property provides
a remarkable signal-to-background ratio environment for the single-photon source
experiment enabling effectively localizing and characterizing single-photon sources
embedded in 3D polymer micro-structures.
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5. Enhancing photon collection efficiency

from single NV centers by hybrid antennas

The controlled and effective extraction of photons from single-photon sources is an
important task in quantum optics. As described in Section 2.3, confocal fluorescence
microscopes are commonly used to detect the fluorescence from NV centers. For a free-
standing dipole, the emission to the upper and lower half-space is identical due to the
isotropic surrounding. This limits the collection efficiency using confocal fluorescence
microscopy to a maximum of 50%. Theoretically, nearly all photons emitted from a
single dipole could be collected using a 4Pi microscope [121]. Compared with a
standard confocal fluorescence microscope with one objective lens, a 4Pi microscope
employs an additional high NA objective lens to boost the total numerical aperture.
However, this method requires an impeccable alignment of two focal volumes [121].

In most cases, the dipole is very close or attached to the interface between the glass
substrate beneath and some other material (air or photoresist in this work) above. The
emission pattern is modified such that the intensity is stronger in the denser medium
[122]. It is naturally good for the collection efficiency at first glance if one collects
photon beneath the glass substrate and the upper material has lower refractive index
such as air. But in this case, maximum of the emission pattern is off-axis with a large
angle leading to a crucial experimentally dependency of a high NA collection objective
lens [123].

In this work, nano-antennas for the efficient redistribution of the NV center emission
pattern in a favorable way is introduced. In a first step, NV centers are on-chip localized
using pre-fabricated markers and characterized under a confocal fluorescence setup
with an integrated HBT. In a second step, parabolic or hemispherical shape solid mirrors
as micro-antennas are fabricated at the previously determined NV center positions.
With such antennas, ultra-bright emission from NV center is collected under both
confocal and non-confocal detection scheme.

5.1. Hybrid parabolic antennas

In an ideal case, most of the emission from NV centers is directed to the desired
direction with a rather small NA. In this case, the emission can be effectively coupled
to low NA on-chip optical components. Many groups are working on this problem. A
recently reported approach employs sub-wavelength diamond nano-posts with a silver
film as resonators as well as grating structures to improve the collection and radiation
efficiencies. Rishi N Pate et al. experimentally demonstrated the reduced detection
angle by coupling the NV center emission into optical waveguides and fibers [124]
69



[125]. Furthermore, bullseye gratings have been utilized to efficiently redistribute the
NV fluorescence into low numerical aperture modes [126].

The idea of micro-size parabolic mirrors has been previously used by W. P. Ambrose et
al. to effectively collect light from single molecules [130]. The parabolic mirrors are
previously widely applied in scanning near-field microscopes [127], ion-traps [128] and
cathodoluminescence setups [129] to eliminate the geometry restrictions of the
experimental setup. In this chapter, a reliable approach to fabricate parabolic micro-
mirrors as antennas to enhance photon collection with a smaller NA is demonstrated.
Polymer parabolic structures are fabricated with the DLW and pre-fabricated NV
centers are integrated at the foci. With depositing of the metallic reflection layer, the
parabolic shape antenna is formed. The NV fluorescence intensity collected from such
integrated system exhibits ultra-high single-photon saturation count rate and low
emission numerical apertures. Moreover, the fabrication approach has a high yield and
is reliable.

5.1.1. Experimental methods

The fabrication process is shown in Figure 5.1. On a cleaned glass substrate surface, a
two-dimensional polymer marker grid is written by DLW to mark the relative positions
of NV centers. The marker grid is fabricated with a photoresist consisting of PETA as
the monomer and 2% weight ratio of 7-diethylamino-3-thenoylcoumarin (DETC) as the
photoinitiator. This resist exhibits a relatively high fluorescence enabling the
recognition of the grid in the confocal fluorescence scan afterwards. After the
development process (the developing procedure is described in Section 2.4.3), an
aqueous suspension of NDs is spin-coated onto the sample. NDs are firmly stuck on the
glass surface with fixed positions with respect to the grid markers. The prepared sample
i1s examined under the laser scanning confocal fluorescence microscope. Within the
fluorescence map, the NV center candidates are inspected by the second-order
correlation measurements using the HBT setup (see Section 2.1.4) to confirm their
single-photon emission. Locations of NV centers with relatively high count rates and
distinguished g (0) values close to 0 are recorded. In our work, six single NV
centers with g (0) < 0.5 are characterized and recorded.

In the next step, another photoresist is spin-coated onto the sample. This photoresist
consists of PETA as the monomer and Irgacure 819 as the photoinitiator. The sample is
precisely moved on the piezoelectric stage to the recorded relative positions such that
the pre-characterized NVs can be individually recognized and localized again. With the
recorded locations of the NV centers as focal points, solid parabolic lenses with
diameters of 10 um are fabricated by DLW. The polymer structures emerge after the
development procedure (see Section 2.4.3).
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Figure 5.1: fabrication of parabolic micro-antennas. Panels (a)-(d) show a
schematic of the fabrication process. (a), In the first step, a polymer marker grid
is fabricated with DLW. Subsequently, as shown in (b), NDs are spin-coated on
the sample, followed by a localization and pre-characterization process. (¢), In a
third step, the sample is covered with a layer of photoresist and is subjected to a
DLW process for the parabolic polymer structure fabrication at the positions of the
pre-characterized NV centers. (d), After the non-polymerized resist is removed in
the development process (see Section 2.4.3) a silver reflection layer followed by
a MgF, cover layer for protection are added by the electron-beam evaporation. In
this way, a parabolic mirror aligned to one single ND is fabricated. Panel (e) shows
an optical dark-field image of the laser-written paraboloids and the marker grid
before evaporation of the reflective silver film. Panel (f) is a scanning electron
micrograph of the structures after the fabrication process is completed. Panels (e)
and (f) are adapted from [132].

Parabolic mirrors are formed by covering the solid parabolic lenses with a reflection
layer of 100 nm thick silver and subsequently a 30 nm thick magnesium fluoride
(MgF») protection layer by means of electron-beam evaporation. Figure 5.1 (d) depicts
the layout of the structure. The final structures with marker grids are inspected under
the optical microscope in the dark-field mode and scanning electron microscope as
presented in Figure 5.1 (e) and (f) respectively.

71



5.1.2. Experimental results

The purpose of introducing the parabolic mirror is to reshape the angular dependence
of the fluorescence emission from the NV centers and thus to enhance the collection
efficiency. The fluorescence emission saturation of the embedded NV center is
measured upon increasing excitation laser power. Also, intensity measurements in the
back focal plane of the objective are presented in the following, showing the resulting
angular dependence of the fluorescence emission. Characterization experiments
described below is performed by Dr. Andreas Wolfgang Schell.

A 532 nm cw laser (GL532, SLOC Lasers) is used to pump the NV centers. With the
help of the recorded relative positions to the marker grids, NV centers are efficiently
found again on the substrate. Emission photons are collected by an objective lens with
NA = 1.35 (UPlanSApo 60XO, Olympus). The second-order correlation measurement
is carried out in an integrated HBT setup (Section 2.1.4) where a 50/50 beam-splitter is
used in the beam path. In each of the two paths, light is then focused into an avalanche
photodiode (APD, Perkin Elmer SPCM ARQH-14) for fluorescence detection.

In Figure 5.2 (a), a fluorescence saturation curve from one NV center in a parabolic-
mirror antenna is shown. In the experiment, the collected fluorescence intensity is
measured upon increasing excitation laser power. In this case, a pinhole is used to
suppress the background intensity. The black dots indicate the total measured signal,
while the red ones refer to the fluorescence signal with the background signal subtracted.
Also, the saturation dependence of three-level systems (Section 2.2.1) is fitted to the
measurement data (solid lines). The saturation fluorescence intensity of this NV center
is reached at 109 pyW excitation laser power. The inset demonstrates the
corresponding second-order correlation measurement results with g(®(0) below 0.5,
which indicates the preservation of single photon nature. The use of the confocal
pinhole has two effects: on the good side, it suppresses the background light intensity,
but it also blocks most of the fluorescence light of the embedded NV center, which is
redirected by the parabolic-mirror antenna.

After removing the pinhole, the saturation curve is shown in Figure 5.2 (b). It shows a
clear enhancement of the emission collection from the integrated system when
compared with Figure 5.2 (a). Similarly, the black data points show the total intensity
collected, whereas for the red data points the background signal is subtracted.
However, the large separation between the black and the red data set in Figure 5.2 (b)
implies that it is unavoidable to collect a large amount of background fluorescence. Due
to the interference of the relatively large background light intensity, the saturation count
rate can hardly be calculated directly using the data acquired in this fashion.
Nonetheless, from the data acquired with the confocal scheme as shown in Figure 5.2
(a), the saturation count rate can be deduced. Compared with a conventional collection

method without the parabolic mirrors, the mirror reflects the upper part of the NV center
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emission, collimating the light and coupling it into the narrow opening angle of the
light-collecting objective lens. The photon collection efficiencies in all six antennas are
notably enhanced resulting in an ultra-high recorded photon count rate with values of
up to 2 Mcts/s without correcting for losses in the optics and detector efficiencies,
while the average count rate is 1.7 Mcts/s.
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Figure 5.2: Saturation curves of fluorescence intensity of a single NV center in
a parabolic antenna versus increasing excitation power, (a) shows the
saturation experiment in a confocal fluorescence microscopy. In this configuration,
most of the signal reflected by the mirror is blocked by the confocal pinhole. The
black dots are the measured signal and the red dots are the signal subtracted with
a linear background fluorescence intensity. The gray curves are fits with the three-
level model. The inset shows the second-order correlation measurement data of
the photons collected from an NV center under a parabolic antenna in the confocal
configuration with the red curve being a fit based on the three-level model. (b)
shows the detected fluorescence data without the spatial filter. In this case, photons
reflected by the mirror are not blocked and thus can be detected. The NV center
saturation rate reaches 2.02 Mcts/s. This figure is adapted from [133].

The background fluorescence of the photoresist is always a problem hindering the direct
use of the structures as an integrated single-photon source. And at room temperature,
the emission spectrum of the NV center overlaps the broad-band background
fluorescence and thus is hard to be purified by spectrum filter. This can be solved by
either embedded a single photon emitter with much narrow-band fluorescence such as
silicon vacancy center in diamond [134] instead of an NV center or combined with an
on-chip filter owing the same functionality as the one described in Chapter 7.
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Figure 5.3.: Confocal and back focal plane images of parabolic mirrors. In a,
a confocal scan of a parabolic mirror centered over an ND containing a single NV
center is shown. f is the corresponding back focal plane image. In the back focal
plane, it is visible that the photons reflected by the mirror are directed into a very
small solid angle. e shows a confocal scan of a parabolic mirror with multiple
single NV centers at off-center locations. When these NV centers are excited, the
photons reflected are not directed exactly on the optical axis of the collection
optics, but under an angle. In this way, beam-steering is achieved. b ¢, d show the
back focal plane images corresponding to the diamonds marked with b,c,d in panel
b, respectively. Scalebars in (a), (b) are 2 um. The dashed circles in (¢)-(f)
correspond to the numerical aperture of the collection optics used (NA = 1.35)
and the green circles indicate the angle under which the photons are emitted. This
figure is from [133].

The back focal plane or rear focal plane of an optical system refers to the transverse
plane at the back focus of the system. The object is imaged by the optical system and a
2D Fourier transform is performed by the lens represented by the scalar field on the
back focal plane with the expression of:

E(x,y) = j f E(ky, ky) e 5=t kyv)dg, dk, (5.1.1)

where k, and k, are the lateral k vectors. Thus, each point of the object is mapped
on the k-space of the back focal plane which indicates the angular distribution of light
intensity. Based on this, the functionality of the fluorescence intensity angular re-
directivity by the micro-antenna is proved by measuring the back-focal-plane image of
the system and the result is shown in Figure 5.3. A laser scanning confocal fluorescence
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experiment is preliminary performed as Figure 5.3 a. Here, the NV center is precisely
located at the center of a highly fluorescent circle, which is the boundary of parabolic
mirror. Thanks to the high precision of DLW, in all six structures, NV centers are all
found at the desired position relative to parabolic antennas. The high fluorescent line
crossing the parabolic antenna denotes the marker grid fabricated using the different
photoresist. Besides, a similar parabolic antenna with three NV centers at deflected
planar positions is fabricated as indicated in Figure 5.3 e. The white dotted circles
indicate the pre-characterized NV center. The corresponding back-focal-plane images
are individually depicted in Figure 5.3 b-d.

The image background is corrected by subtracting the average intensity around NV
centers. In this experiment, the same 532 nm laser is used to excite the NV center. An
EMCCD camera (iXon, Andor) is placed on the back focal plane to record the
fluorescence intensity field pattern. By analyzing the extent of the peak in the back
focal plane, it is found that the photons coupling into the parabolic antenna are re-
directed into a smaller solid angle with a numerical aperture smaller than 0.2. In the
case of an isotropic emission, the re-directivity is 16 dB. Such integrated design with
high directing capability can be utilized in cases where the optical setup is restricted
such as in the cryogenic environment where the background influence can be
remarkably reduced by filtering out the light in all spectrum expect for the zero-phonon
line of NV center fluorescence.

5.2. Hybrid hemispherical antennas

In the previous section, it is demonstrated that the use of parabolic-shape antennas leads
to a count rate reduction in the confocal setup because the pinhole blocks the collimated
emission. The pinhole blocks the light not originating from the confocal volume in the
sample. One solution is to modify the shape to hemisphere instead of parabola while
keeping the emitter at the center. A similar experiment with spherically shaped antennas
has been carried out.

5.2.1. Experimental methods

An experimental difference with the parabolic antenna is that here the experiment of
the characterization and fabrication processes are performed with the integrated setup
described in Chapter 3. Firstly, a pre-cleaned glass substrate is spin-coated with NDs
aqueous suspension. And the sample is laser raster scanned under a confocal
fluorescence microscopy. The single-photon source is sorted out with the HBT setup
(see Section 2.1.4). Five single NV centers with high quantum emission efficiency are
picked and characterized.
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Figure 5.4: Hemispherical mirrors. (a) shows the scanning electron micrograph
of spherical structures layout and (b) is a finer scanning of one hemispherical
structure with 5pm radius. (c) is the scanning confocal fluorescence image of a
hemispherical mirror. The bright NV center is clearly detected at the center of the
hemispherical. (d) is the second-order correlation measurement data of the NV
center in the confocal fluorescence microscopy. The red curve fits the data points
according to the three-level model and the g (0) shows a value deep to
0.189 < 0.5 indicating a distinct single-photon emission.

Similar to the previous experiment, a hemispherical structure is written using DLW and
afterward covered by a silver layer of 100 nm thickness followed by 30 nm thick
MgF, protective layer. Figure 5.4 (a) and (b) show the scanning electron micrograph of
the polymer structure.

For characterisation, the same integrated setup in the mode of laser scanning confocal
fluorescence microscopy as in the previous section is used. The excitation laser is
focussed on the NV center by the oil-immersed objective lens with 1.4 NA and
through the glass substrate. The second-order correlation measurement and the
saturation test are performed. Here, to examine the collection enhancement by the
antenna, The same NV center is characterized three times in three steps separately: after
been spin-coated on the glass substrate, after covered by the photoresist, and after

hemispherical antenna fabrication.
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5.2.2. Experimental results

Figure 5.4 (c) shows the laser scanning confocal fluorescence image of one
hemispherical mirror at the layer of the substrate surface with excitation intensity of
300 uW. The bright spot at the center is the pre-characterized NV center. The single-
photon emission is confirmed by the second-order correlation measurement with
g%(0) = 0.189 < 0.5 as shown in Figure 5.4 (d) without background correction
(referring to Section 2.2.1). Figure 5.5 depicts the PL saturation curves from a single
NV center versus the excitation power. The green, red and blue dots are the data
measured for three different conditions: the NV center is attached on the bare glass
substrate without any covering, covered with photoresist and in a spherical antenna,
respectively. Background signals measured at adjacent positions are subtracted from
the saturation curves for each case. According to previous work [135], for the case of
the bare glass substrate, the emission pattern of dipoles is modified due to the
anisotropic dielectric environment and around 60% — 80% emission photons are
guided down into the glass and then collected by the objective lens. Whereas the
photoresist layer changes the dielectric environment around the NV center. The
emission pattern of an NV center in such environment is nearly isotropic resulting in a
redirection of part of the emission to the upper region. Covered with a solid
hemispherical mirror, emission to the upper solid angle is supposed to be redirected to
the center of the sphere, and thus collected by the objective lens. Theoretically, the
enhancement of the photon collection by the hemispherical immersion mirror is a factor
of 2 compared with the NV center on the isotropic dielectric environment. Compared
with the bare glass case, the enhancement is in the range of 25% to 67% depending
on the orientation of the NV center. In this experiment, the saturated fluorescence
intensity is calculated by fitting the saturation curve to the three-level model (described
in Section 2.2.1). It is found that the hemispherical mirror improves the collection
efficiency of the saturated fluorescence intensity of the NV center by a factor of 1.87
(close to 2) compared with the isotropic dielectric environment.
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Figure 5.5: Saturation curves of photoluminescence (PL) intensity versus
excitation laser power. The measured PL for bare glass (green dots), isotropic
dielectric (red dots) and spherical mirror (blue dots) are depicted. The black curves
are fits according to the three-level model (referring to Section 2.2.1). The
environment doesn't affect the saturation behavior and thus the optical properties
of the NV center, but increases the collection efficiency by introducing the

hemispherical solid immersion mirror.

In this work, the fabrication process is on the planar localization of NV centers on the
substrate. Further improvement of the re-directionality and collimation of the emission
is supposed by optimizing the shape of the mirror such that the NV center is designed
to locate at a focal point vertically above the surface depending on the design of the
mirror. The method is achievable by applying the with solid photoresist SP with volume
distributed NV centers as described in Section 3.3. In the following chapters,
experiments where arbitrary 3D polymer structures with integrated NV centers at
arbitrary desired 3D locations are demonstrated.

This chapter introduces hybrid integrated antennas with two different geometries
exhibiting the high capability of re-distribution of the emission pattern from the NV
center embedded, and the enhancement of the collection of single photons. Thanks to
the flexible and deterministic nature of DLW, the fabrication yield is remarkable with
high quality. The flaw of the design is obvious: the background fluorescence intensity

restricts the wide application. However, such integrated quantum-unit can be used to
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act as an ultra-bright single-photon unit in the cryogenic environment because the
background light can be suppressed by a spectral filter. The collection efficiency
improvement in the confocal is further improved by changing the shape to a
hemispheric that redirects the upper part of the emission pattern to be re-originated from
the position of the NV center.
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6. Integrating pre-fabricated photonic

components with single NV centers

In the previous chapter, it has been shown how to integrate NV centers into laser written
3D polymer nanostructures. Due to the nature of the DLW process, the writing scale,
speed and resolution are limited. Some nanostructures are fabricated with a finer
resolution using other lithography techniques such as electron beam lithography [136-
137]. In order to apply single-photon sources in a photonic circuit [ 138], it is necessary
to integrate NV centers into components from another platform on-demand. This
chapter presents a method to integrate NV centers with hybrid quantum-photonic
structures. As a proof-of-principle demonstration, a single NV center is integrated into
a polymer waveguide connecting Si3N4 photonic circuit devices. Another experiment
1s to connect tapered fiber ends using a polymer waveguide with an integrated single-
photon source.

6.1. Photonic circuits with integrated single NV centers

The fabrication of integrated photonic circuits draws wide attraction due to the
possibility of realizing a quantum-photonic system with low cost, high efficiency,
multiple functionalities, reliable performance and stability [139]. Previous work has
demonstrated photonic circuits based on polycrystalline diamond thin films [140].
Reference [141] reports on an approach to fabricate 3D hybrid functional devices with
DLW on a pre-fabricated planar optical chip. As an example, an optical waveguide was
fabricated for interconnection. The 3D bridge waveguide showed outstanding optical
transmission and low insertion loss. Based on the previous work, it is possible to further
integrate NV centers into the hybrid system consisting of the polymer waveguide
interconnection between pre-fabricated photonic devices.

The substrate used here has the same layout as the one used in reference [141] and
produced by Dr. Patrik Rath. The substrate is based on a silicon wafer with a thermally
oxidized buffer layer of 2.6 um thickness. The circuit is made of chemical-vapor-
deposited SizsNy, which is structured by an electron-beam lithography process. The
detailed sample preparation process is described in reference [141]. Figure 6.2 (b)
shows the optical microscope image of the substrate. The circuit consists of grating
couplers that couple incident light to planar waveguides. Y-shaped splitters are used to
distribute the light into two paths, one of which is interrupted by a 50 pm gap. In this
work, a polymer waveguide will be fabricated to bridge this gap. The planar Si3Ny4
waveguides have tapered ends to improve coupling to the interconnecting polymer
waveguide.
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Figure 6.1: Localization of single NV center. The Si;N4sample is covered with
two layers of solid photoresist and one ND layer in between. (a) shows the
confocal fluorescence volume scan image where iso-intensity surfaces are
indicated in blue. Emitters are well confined at the central layer in this case. One
planar scanning is shown in (b), where one of the emitters is characterized and
circled as a single NV center candidate. The second-order correlation
measurement data shown in (¢) confirms the single-photon property. The red curve
fits the data according to the three-level model (details are described in Section

2.2.1). g®(0) = 0.18 is obtained without any background correction.

6.1.1. Experimental methods

The photoresist used in this experiment consists of PETA as the monomer with a 3%
weight ratio of Irgacure 819 as the photoinitiator. The photoresist is solidified by mixing
PMMA solution in acetone with the volume ratio of 4:1 (details are described in Section
3.3). First, the photoresist is spin-coated on the substrate with 4000 rpm for 1 min
as a supporting layer. Subsequently, a suspension drop of NDs in isopropanol is spin-
coated at the top with 2500 rpm (details are described in Section 3.3). One additional
cover layer of photoresist is spin-coated with 2000 rpm on top. With this fabrication
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process, NDs are well distributed and fixed at the height of 6 um above the substrate
surface.

The setup used here is the same as described in Chapter 3. The silicon wafer is only
transparent to light at wavelengths above 1100 nm. Therefore, the 780 nm writing
laser as well as the 561 nm excitation lasers cannot pass through the substrate. Thus,
the sample is fixed on the stage with the structured side facing down to the objective
lens. To get a high NA the sample and the objective lens are immersed in a drop of
PETA for refractive-index matching. The setup used in this experiment is the same as
described in Chapter 3, but with a different objective lens with NA of 1.3 and 100X
magnification (Zeiss Objective EC Plan-Neofluar 100x/1.30 Oil M27).

photoluminescence (a.u.)

0 10 20
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Figure 6.2: Characterization of NV center in the polymer waveguide
connecting two Si;N, waveguides. (a) shows a scanning electron micrograph of
the bending part of the polymer waveguide. An overview of the photonic circuit
is shown in an optical micrograph (b). In the upper structure, the Si;N, waveguides
are connected by a polymer waveguide, while the lower one is the original layout
of the SizNy circuit, featuring the 50 pm wide gap. (c) is the scanning confocal
fluorescence image at the layer where the pre-characterized NV center is
embedded. While taking the micrograph, the waveguides are immersed in the
monomer PETA to reduce the refractive index difference and thus enhance light
outcoupling from the waveguide. The bright spot indicates the pre-characterized
NV center. The fluorescent line going through the emitter indicates the polymer
waveguide. The single-photon property of the pre-characterized NV center after

fabrication is confirmed by the second-order correlation measurement data as
82



shown in (d). The red curve fits the data according to the three-level model.

g@(0) = 0.28 is obtained without any background correction.

Similar to the experiments in Chapter 5, the sample is raster-scanned in the confocal
fluorescence microscope with excitation intensity of 150 uWusing a pinhole of
15 pm diameter. Figure 6.1(a) shows the 3D volume visualization of the sample in the
volume of the gap between two waveguide tips. The blue dots indicate detected
fluorescent emitters lying 6 pum above the surface. Figure 6.1 (b) is a planar laser
scanning confocal fluorescence image with a single NV center of interest. The single
photon emission is confirmed by the second-order correlation measurement as shown
in Figure 6.1(c). Without background correction, g (0) goes down to 0.18.

The interconnecting process involves three points on the substrate: the locations of two
Si3Ns waveguide ends and the location of the pre-characterized NV center. The
integrated setup is based on a commercial microscope (referring to Section 3.1), the
back-illumination port of which is used as an entrance port of the writing and excitation
laser. For illuminating from the objective side onto the sample, the writing and
excitation light are temporally blocked. Instead, a yellow LED illumination unit is fixed
on the back-illumination port such that the bottom side of the sample can be illuminated
to be seen on the CCD camera. Thereby, the two tapered waveguide tips are roughly
localized. Around the tip, the interface between the wafer surface and the photoresist is
found by confocal detection of the reflected 561 nm light during a line scan along the
vertical direction. Afterward, a planar line scan along the direction perpendicular to the
waveguide is performed on the interface. The reflected light remains constant until the
laser hits the waveguide, where the reflection light intensity fluctuates. The disturbance
depends on the shape of the waveguide and the position of the waveguide. Due to the
experiment accuracy and the interference of the noise, the exact position of the tip end
with 50 nm width is hard to be specified. Therefore, the line scan is performed at a
position 5-10 um away from the tip. The exact position of the tip is not crucial because
the polymer waveguide is designed to start at a position along the waveguide. One more
important factor is the tilted angle of the planar waveguide which needs to match the
direction of the polymer waveguide fabricated later. Three points along the SizNy4
waveguide are measured with three-times line scan. The rotation angle is determined
by a linear fit to the data. The same value is obtained by evaluating of the fluorescent
light in the fluorescence confocal image as shown in Figure 6.2 (c). The measurement
is repeated at the other waveguide tip.

The polymer waveguide is designed to overlap part of the Si;N4 waveguide tip and
linearly extend along the pre-calculated direction towards the other waveguide. Along
the polymer waveguide, the waveguide gradually bends up to the pre-characterized NV
center position and then bends down to the substrate surface. The polymer waveguide
emerges after the development process which is the same as explained in Section 3.3.
The optical microscope image is shown in Figure 6.2 (b) with Figure 6.2 (a) being a

scanning electron microscope image of the bending region.
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6.1.2. Experimental results

To confirm the existence of NV center in the waveguide, the sample is examined using
the same laser scanning confocal fluorescence microscope with excitation intensity of
150 uW after the fabrication process. To effectively excite the NV center embedded in
the polymer waveguide and extract photons from it, the sample and the objective lens
are immersed in the monomer of the photoresist (PETA) to reduce the refractive index
difference. The bright spot in the waveguide of Figure 6.2(c) reveals the preservation
of the previously located NV center. The second-order correlation measurement on this
emitter showed g®(r) with g@®(0) = 0.28 < 0.5 as shown in Figure 6.2 (d),
which is comparable to the one before writing structures shown in Figure 6.1 (¢). The
weakly fluorescent strip indicates a part of the bending polymer waveguide. Due to the
accumulated background fluorescence stemming especially from the Si3N4 waveguide
(which can be expected from the fluorescence map), the excitation light is not coupled
into the waveguide and then detect the single-photon property of the out-coupled light.

With the integrated setup, a flexible and straightforward fabrication process is
demonstrated to integrate a single NV center into pre-fabricated photonic circuits with
a polymer waveguide as the interconnection. Further effort can be made to improve the
signal to background ratio fluorescence, possibly by separating the excitation and
collection channels of the NV center using the orthogonal orientated waveguides. The
presented method can be expanded to single-photon sources other than NV centers and
1s not limited by the shape of the pre-fabricated photonic structure.

6.2. Fiber-integrated single NV centers

In the preceding section, it is demonstrated that the utilization of DLW offers wide
possibilities to integrate NV centers into photonic chips. The same method is adopted
to interconnect two tapered single-mode optical fiber tips with single NV centers
integrated. In the research field of NV centers, coupling of single-photon emission into
single-mode fibers draws large attention. The single photons emitted from NV centers
can be channeled into a single optical mode and thus the fiber acts as a compact
interface with the non-essential optical components eliminated.

Previous works done by the group of Prof. Oliver Benson and Prof. Shigeki Takeuchi
have shown a fancy approach to realize an integrated diamond-tapered-fiber system
[142-143]. They deposit ND particles on the surface of the tapered fiber, the
fluorescence emission from individually excited NV centers is evanescently coupled
into the fiber. In this section, an exemplary experiment to robustly integrate single NV
centers into tapered fibers using our integrated setup is reported. Here, an interrupted
tapered fiber is used. Similar to the previous integration example, a single NV center is
pre-localized and characterized in the area of interest, and an optical interconnect is
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fabricated by DLW to re-connect the interrupted tapered fiber.

The tapered fiber is produced by Bernd Sontheimer using a single mode fiber with
9 um core diameter and a cladding diameter of 125 pum. The fiber is gradually pulled
by a micropipette puller (P-2000 Sutter Instrument Company CO.) to an hour-glass
shape and further to break. Figure. 6.3 (a) shows the optical microscope image of the
polymer waveguide connected interrupted fiber. The two fibers are fixed on two linear
motor stages with the two tips pointing to each other with a distance of about 15 pum.
Under a wide-field optical microscope, the two tips are carefully aligned and then glued
onto a common glass substrate using a small drop of photoresist (IP-G from Nanoscribe
GmbH). The photoresist drops are polymerized under an UV lamp for 15 minutes. With
the two long fibers glued, it is difficult to spin coat the photoresist on the substrate.
Therefore, the home-made solid photoresist SP is mixed with the ND-acetone
suspension (referring to Section 3.3) and one droplet of the mixture is casted in the area
between the fiber tips. During thermal curing (5 minutes at 70°C), the acetone in the
mixture evaporates and residual PMMA solidifies the droplet with ND particles fixed
in the photoresist.
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Figure 6.3: Single NV center integrated into tapered fiber. (a) shows a wide-
field optical micrograph of tapered fibers connected by a polymer waveguide
using direct laser writing. (b) shows a scanning confocal microscope image of a
region with an embedded NV center. The polymer waveguide adds relatively high
background fluorescence in the area around the emitter. (c) is the second-order

correlation measurement data of the emitter with g2(0) = 0.18 < 0.5 without
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background correction, indicating a good single-photon property.

The sample is fixed on the piezoelectric stage and a droplet of PETA is used to immerse
the objective lens and the structure for refractive-index matching. The rough positions
of the fiber tips are found by the aid of a CCD camera. Subsequently, the precise
location of the fiber tips and their rotation angles are measured with a similar method
as described in the last section. But here, the fiber has a 125 um cladding, so the
tapered fiber tip is expected to be 65 um above the glass surface. Therefore, when
performing the line scanning, the back-scattered light by the fiber is used instead of the
back-reflected light on the interface. Also, a second line scanning is necessary to get
the vertical position of the fiber tips.

The NV center in the region of interest is found in a laser scanning confocal
fluorescence image of the space between two fiber tips. The single-photon emission is
determined by the second-order correlation function measured by the HBT setup.
Knowing the relative locations of the NV center and the two fiber tips, a polymer
waveguide connection is fabricated using DLW from one fiber tip through the NV
center to the other fiber tip. The polymer waveguide connection has 2 pm long
overlapping parts with each fiber tip to ensure good mechanical and optical connections.
After the development process, the connection between two tips emerges which is
shown in the optical microscope image in the Figure 6.3 (a). Figure 6.3 (b) is the post-
scan image with excitation intensity of 150 uW, where the bright spot is the pre-
characterized NV center embedded in the polymer waveguide visible in the
fluorescence image as a less fluorescent strip. Figure 6.3 (c) gives the second-order
correlation measurement. Due to the lack of ability to more precisely align two fibers,
the waveguide bending loss is expected to be large inhibiting further optical
characterization through the fiber. Given a technique to well align and fix the relative
positions of the fibers, such method is expected to integrate more than one connected-
fibers unit with a single NV center on one chip forming an accessible multiple single-
photon sources network.

In this chapter, proof-of-principle experiments are demonstrated showing the
fabrication of hybrid quantum-photonic chips with 3D polymer optical waveguides
connecting pre-fabricated optical components. And at the same time a pre-characterized
single NV centers is embedded. The whole process is not limited to the type of emitters
and the material of the photonic components used here. An improvement of the
performance can be expected when optimizing the shape of the waveguide (diameter
and bending radius) and the position of the emitters according to individual existing
components to minimize the loses and improve the coupling efficiency.
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7. 3D Polymer waveguides with integrated

single-photon sources

In the previous chapters, a versatile and straightforward integrated setup and several
exemplary applications have been demonstrated. This approach allows for the easy and
compact integration of single-photon sources with waveguides, fibers and micro-
antennas to form a hybrid quantum-optical chip. In this chapter, the integration of pre-
characterized single NV centers with functional quantum-photonic components is
demonstrated. First, a structure acting simultaneously as an on-chip waveguide, a
background filter and a splitter is demonstrated. Afterward, an improved structure to
connect several pre-characterized single NV centers in NDs is shown.

7.1. Single-photon sources

For practical quantum-photonic chips, the on-demand integration of single-photon
sources with individual controllable accesses and high photon collection efficiency is
desired [144-145]. However, the background fluorescence intensity influences the
single-photon emission in most of the current proposals concerning NV centers, which
poses a challenging benchmark on the route to the fabrication of practical, scalable
quantum-photonic chips [146]. In this work, single NV centers are integrated into a
crossing-waveguide photonic system which allows for selective guiding of the
excitation light and the emission from the single-photon source in different waveguide
channels. Additionally, the background fluorescence accumulated along the excitation
path is separately guided away from the NV center emission channel. Simulations
regarding the geometry of the structure are done to optimize the collection efficiency.
The detected single-photon count rate from the whole structure is comparable with NV
centers in NDs that are excited and measured in a free space configuration.

The idea is proposed by Prof. Dr. Wolfram Pernice. The structure mainly contains two
polymer waveguides and is shown in Figure 7.1 (d). The two waveguides have the same
half-circle shape but with perpendicularly crossing orientations. A single NV center is
embedded in the intersection area. Four waveguide facets are positioned on the
substrate surface where light from the far-field is coupled in. All four identical-designed
waveguide branches can be used as input or output. When photons emitted by the NV
center are collected along the waveguide where the excitation light propagates, the
single photons are expected to be immerged in the accumulating background
fluorescence originating from the waveguide material. However, in the configuration
where the excitation and the collection of the NV center photons is performed through
perpendicularly orientated branches of the structure, the accumulated background

fluorescence is spatially filtered out. Thus, theoretically the signal-to-background ratio
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is less influenced by the length of the propagation path in this approach. The crossing
system packages the NV center and creates four accesses as interfaces to either far-field
or on-chip optical components. It should be mentioned that the half-circular shape of
the waveguides is only for the sake of simplification of the measurements where the
light coupling can be performed with the same setup.

7.1.1. Experimental method

As described in Chapter 4, the photoresist consists of PETA as a monomer with a 3%
weight ratio of Irgacure 819 used as photoinitiator. The photoresist is mixed with the
PMMA-acetone solution using a volume ratio of 7:3 for solidification. The NDs
suspension is mixed with acetone using a volume ratio of 1:10 and ultra-sonicated for
30 minutes. Similar to the previous work in Section 6.1, two layers of photoresist are
spun on the glass substrate with one layer of the NDs spun in between the resist layers.
The distribution of NDs in space is controlled such that the sandwich layout restricts
the vertical position of NDs to a 1 um thick layer parallel to the substrate avoiding
additional unwanted NDs in the waveguides. After rapid evaporation of the acetone,
this spun-on mixture becomes solid, such that the locations of all embedded NDs are
fixed.

The prepared sample is mounted to the 3D piezoelectric transition stage. The sample is
examined using laser scanning confocal fluorescence microscopy with a 561 nm cw
laser resulting in a fluorescence map of the NDs layer at a height above the substrate
surface of 5 um, as shown in Figure 7.1 (a). Each red dot indicates a potential single
NV center. A three-dimensional linear scan around the emitter is performed to obtain
the precise position of the emitters. The single-photon emission of the NV centers is
confirmed by an HBT setup. A typical second-order correlation measurement is
depicted in Figure 7.1 (c). A fit to the raw experiment data shows photon anti-bunching
with g (0) = 0.14 indicating the single-photon emission. All emitters with g (0)
values smaller than 0.5 are documented. In the shown measurement 10 single-photon
emitters are found out and localized out of a total of 50 characterized emitters within
one hour. Subsequently, the setup is switched to the frequency-doubled femtosecond
laser at 780 nm center wavelength for fabrication. With the help of the DLW process,
the cross-arch structure is polymerized with the pre-characterized NV center at the
waveguide crossing. Afterwards, the samples are rinsed with acetone and water for
development. To illustrate the influence of the structure design on the coupling
properties and at the same time highlight the advantage of one-step fabrication using
DLW, the three structures on the left in Figure 7.1 (e) are fabricated with a larger
waveguide diameter.

To explicate the influence of the background fluorescence photons, reference structures
are fabricated with the same geometry in an area without any NV centers on the same

sample. All structures undergo the same development and examination process.
88



7.1.2. Experimental results

Figure 7.1 (e) is the scanning electron micrograph of a sample with eight cross-arc
waveguides, each of them containing a single NV center at the top intersection. This is
confirmed by laser scanning confocal fluorescence microscope of this region. The
subsequent second-order correlation measurement proves the single-photon emission
with g (0) < 0.5. Due to the limitations of DLW technique and the inherent aspect
ratio of the focus, the structures show an elongated geometry in the vertical direction
when the tangent angle of the arc is close to zero with respect to the substrate surface.
This effect is more pronounced when the radius of the structure is close to the writing
voxel size. The upper most part of the waveguide has a tangent angle of zero and the
geometry has a vertical radius of r; = 0.4 um and a horizontal radius of r; = 0.2 um.

The waveguide is designed in a fashion allowing for optimized photon collection
efficiency. According to literature on photon collection using optical fibers, or
waveguides two parameters need to be addressed for optimization: the bending and the
waveguide radius [142] [148-150]. The former one determines the bending loss during
the propagation, while the later one determines the light mode coupling to the
waveguide. On the one hand, if the waveguide radius is too small, most of the energy
flow in higher order modes cannot be coupled and guided in the waveguide. On the
other hand, the upper limit of the waveguide radius should prevent the waveguide from
becoming multi-modal leading to a decrease in collection efficiency because of the
confocal detection scheme. The system is simulated to optimize the waveguide radius.
The simulation is performed by Niko Nikolay with JCMwave, which is a full 3D
frequency-domain finite-element solver. The wavelength-dependent refractive indices
of the substrate (polymer) are taken from the Schott glass (PMMA) data sheet. The
index of the surrounding air is taken to be n = 1. Two crossed tori with a toroidal angle
ranging from 0° to 180° form the structure. This structure is placed on top of a glass
substrate and surrounded by air. A z-oriented dipole, as shown in Figure 7.2 (a), is
placed in the middle of the crossing to simulate the emission of an NV center. In order
to numerically detect the guided flux through facets of the arcs, circular regions with a
radius of 800 nm are placed on each arc facet (i.e., where arcs and substrate meet).
Only downwards directed radiation that crosses these surfaces is considered. To
calculate the guiding efficiency, this value is divided by the total flux that leaves the
simulated area and enters the isolating perfectly matched layers (PML).
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Figure. 7.1: Localization of single-photon emitters and aligned 3D DLW.
(a), Scheme of the photoresist sandwich. First, a 5 pm thick solid photoresist is
spin-coated on a glass substrate. Second, NDs containing NV centers suspended
in isopropanol are spin-coated on top. Third, another thick layer of solid
photoresist is added. As a result, the single-photon emitters are located in a plane
parallel to the substrate surface within the volume of the photoresist. At this stage,
the sample is optically excited by a 561 nm wavelength continuous-wave laser
(green), tightly focused to a diffraction-limited spot, and raster scanned.
(b), Resulting confocal photoluminescence (PL) intensity image. (¢), Example of
a second-order correlation function g(z) (t) showing single-photon emission
from the encircled point in (b). Excitation power is 100 uW. Similar data is taken
from many other emitters. (d), Using femtosecond pulses centered at 810 nm
wavelength, 3D microstructures are written, each is aligned with respect to one of
the various pre-localized and pre-characterized single-photon emitters. Removal
of the unexposed photoresist leads to the final structure. (e), Scanning electron
micrograph of several fabricated arc-shaped crossing waveguides. Each crossing
contains one pre-characterized single-photon emitter. (f), Magnified view of one

crossing. The Figure is from reference [110].

The simulation results are displayed in Figure 7.2. Figure 7.2 (a) graphically shows the
photon intensity confinement with a fixed emitter at a vacuum wavelength of 680 nm
for a fixed arc radius of 5 um in three cases: waveguide radius smaller than optimal
value (left), optimal value (middle) and waveguide radius larger than optimal value
(right). Figure 7.2 (b) depicts the collection efficiency versus the waveguide radius and
the emission wavelength. The white dashed line indicates the cut an emission
wavelength of 680 nm where according to the emission spectrum of the NV centers
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the maximum fluorescence intensity is located. Figure 7.2 (c) shows a line plot of this
data. The maximum collection efficiency is around 80%. The variation is likely due to
interference caused by the reflection at the substrate.
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Figure. 7.2: Single-photon collection efficiency. Numerical calculations for
crossed-arc waveguide structures with arc radius R =5 um and waveguide
radius 7. A dipole emitter oriented along the z-direction is located in the middle
of the crossing. (a) shows the Light intensity distribution in a plane parallel to the
yz -plane cutting through the middle of the waveguide for three different
waveguide radii r at a vacuum wavelength of 680 nm. (b) shows the guiding
efficiency versus waveguide radius and wavelength on a false-color scale. (¢) is
the detailed scan of guiding efficiency versus waveguide radius at a fixed vacuum
wavelength of 680 nm. The Figure is from reference [110].

An estimate for the guiding efficiency can be derived from Figure 7.3 (a). The sample
1s examined upside down under the optical microscope in wide-field reflection mode.
The white illumination light couples into the waveguide ports and the guided light
couples out from all ports. Figure 7.3 (b) shows the wide-field fluorescence image of a
reference structure without a single-photon emitter. Upon pumping into the right port,
reduced background PL emerging from the orthogonal waveguide is observed. Figure
7.3 (¢) and (e) demonstrate the second-order correlation measurement results of photons
extracted from two different waveguide-ports. The second-order correlation function
with g (0) < 0.5 shows the single-photon emission without background correction
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(the correction process is presented in Section 2.2.1). The result with g (0) = 0.26 is
obtained when collecting photons from the port of a waveguide orthogonal to the
waveguide used for excitation. This result is comparable with the g®(0) value
obtained from free-standing NV centers in the confocal microscope. The filter
functionality of the system is remarkable when comparing the result with g®(0) =
0.61 (without background correction) of photons collected from the port along the
same waveguide as used for the excitation. Here the background fluorescence is
expected to accumulate along the waveguide until the output port.
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Figure. 7.3: Characterization of single-photon collection from crossed-arc
waveguides. (a), Wide-field reflection-mode optical microscope image under
white-light illumination showing light coupled in and out of the four waveguide
ports for three different crossed-arc structures. (b), Wide-field fluorescence image
of a reference structure without a single-photon emitter. (c¢), Structure with a
single-photon emitter in the crossing. The blue dots are raw data of g(z) (1)
measurements, the red curve is a fit to the data. Excitation is at a wavelength of
561 nm and 900 uW incident power. The inset illustrates that detection (red) is
from the port corresponding to the waveguide oriented orthogonal to the excitation
waveguide (green). (d), The PL saturation curves compare the count rates of the
structure with (blue) and a reference structure without (red) a single-photon
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emitter in the crossing. (e) and (f) As panels (¢) and (d), but for detection from the
port belonging to the waveguide used for excitation see inset in (e). The Figure is
from reference [110].

Figure 7.3 (d) and (f) depict the saturation curves of photoluminescence (PL) intensity
versus the excitation laser power. The blue data dots indicate the total photons collected
from the integrated structure and the red data dots indicate photons collected from the
reference structures which are supposed to be the background fluorescence. It can be
seen from the plot that the background fluorescence is filtered out. It is noteworthy that
the measurement environment is not optimized for this structure i.e. the excitation laser
is coupled into waveguide port with an objective lens, which leads to a large coupling
loss and a leakage of the laser during the propagation, which both excite the polymer
contributing to the background. An intrinsic origin of the background is from the
intersection polymer. It is notable that the fluorescence intensity obtained by
subtracting the background from the total photon count in both cases is comparable.
This indicates that the orientation of the two dipoles of this NV centers offers almost
the same coupling efficiency to two orthogonal directions. Further experiments can be
performed to pre-characterize the NV center dipole orientation with the methods
described in Section 3.4. Thus, the input ports can be selected to achieve an improved
laser coupling efficiency.
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7.2. Multiple single-photon sources

In the previous section, an integrated structure has been introduced exhibits the abilities
to direct excitation light to pump single NV centers, efficiently collect the single-photon
emission and filter background light at the same time. When used as a practical sensor
for measuring the magnetic field or the mechanical stress, NV centers are required to
form an array or a network. The practical, scalable quantum-photonic chip fabrication
requires more than one single-photon sources to be integrated. However, on-demand
integrating multiple pre-characterized single-photon sources as well as simultaneously
and selectively exciting single-photon sources and collecting photons are still
challenging tasks. Based on the integrated setup, it is possible to wire up multiple single
NV centers to build an integrated quantum-photonic network. Here, waveguides are
used for the guiding excitation light and single-photon emission of the NV centers.
Similar to the structure in the last section, the design here effectively filters the
background fluorescence originating from the polymer structure and thus the single-
photon emission is less interfered. The network structure offers multiple choices of
inputs and outputs. By choosing proper ones, two work modes can be used: one can
either simultaneously excite all NV centers with individual collection channels of single
photons from each NV center, or selectively pump any NV center with a uniform photon
collection channel. Moreover, such integrated network shows excellent single photon
count rate.

7.2.1. Experimental methods

Figure 7.4 (a) sketches the structure design. It can be seen as an extended version of the
structure introduced in the previous section. It consists of one long backbone waveguide
to connect all pre-characterized NV centers. At the position of each NV center, an arc-
shaped waveguide is fabricated with the orientation locally orthogonal to the backbone
waveguide. All waveguide ports are standing on and facing down towards the substrate
surface for the experimental convenient. It is possible to choose any port as either
excitation light input or emission light output. Analog to the previous work, each
waveguide crossing contains a single NV center and the accumulated background
fluorescence stemming from the waveguide material is filtered if excitation and
collection of single photons are performed through waveguides that are orthogonal to
each other.

The fabrication procedure is similar to the one described in the previous section. It is
performed using the same integrated setup. Two layers of solid photoresist with an
intermediate layer of NDs are spin-coated on the substrate. In this way, NDs are
confined in a layer at the height of 5 pm above the substrate (see Section 3.3). For
each structure, three NV centers within an area of 30 pum X 30 pum are localized
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Figure 7.4: Multiple single NV center wired up (a), Layout of the system. The
backbone waveguide wires up three pre-characterized single NV centers. At each
position of the NV center, a waveguide oriented orthogonal to the backbone
waveguide is fabricated. (b), A wide-field optical micrograph of the network
system, where five ports are labelled. (c¢), Second-order correlation measurement
of the collected photons collected from port 1 with excitation laser feed into port
2. The data is fitted (red curve) according to the three-level model (see Section
2.2.1). (d), PL saturation measurement for photons collected in the case of (¢). The
blue data points indicate photons collected from the structure with NV centers
integrated into the waveguide crossing. The green data points are from the
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reference structure using the same measurement scheme. The data is fitted
according to the three-level model (red curves). Second-order correlation
measurement (e) and saturation curve (f) of the photons when the excitation laser
is coupled into port 1 and the photons are collected from port 3.

and characterized. The shape of the backbone waveguide is based on the locations of
the three NV centers. The fabrication of the waveguide starts from the glass surface and
bends towards the first NV center with the shape of a quarter circle. The radius equals
to the height of the NV center position. Instead of a half-circle shape as in the cross-arc
waveguides, the waveguide in this case linearly extends to the second NV center,
followed by a gradually bending part to the third NV center and concluded by another
quarter-circle shaped waveguide towards the substrate surface.

With each NV center serving as the vertex, three branching waveguides with half-circle
shape are fabricated in the plane orthogonal to the local direction of the backbone
waveguide. A reference structure without NV centers is fabricated for the sake of
background fluorescence studies.

7.2.2. Experimental results

The system is proposed to work as an integrated single-photon sources network with
multiple choices of light pumping and collection. The structure is characterized based
on the collection ability of the single-photon emission under two different operation
modes: selective pumping and simultaneous pumping. In the selective pumping mode,
the excitation light is coupled in through one of the branch waveguides, and the
emission photons are collected from the nearest port of the backbone waveguide. In the
simultaneous pumping mode, the excitation is coupled into the long backbone
waveguide and the emission photons are collected through ports of the side branch
waveguides. Photon collection and excitation are performed using the same objective
lens with NA = 1.4 and 100X magnification. Two APDs are used to detect photons
and perform the second-order correlation measurement. The cw excitation laser power
used in all modes is 1 mW. The details of the far-field photon detection setup can be
found in section 3.3.

The ports are numbered in the optical micrograph in Figure 7.4 (b). In the selective
pumping mode port 2 of one branch waveguide is used as the excitation input. Photons
are collected from the adjacent port 1 of the backbone waveguide. Figure 7.4 (c) shows
the second-order correlation measurement data in this case. The fit to the raw data gives
g®(0) = 0.24 < 0.5. Figure 7.4 (d) shows the corresponding PL saturation curve.
Similar experiments on the other two NV centers have been performed by coupling
excitation light into ports 3 and 4 and photons are collected from port 5 (similar figures
are not shown here). In the case of exciting through port4, g (0) = 0.25 is obtained
while in the case of exciting through port 3, g (0) = 0.38 is obtained. The photons
96



collected from the three mentioned ports show characters of single-photon emission.
The reason for the larger g (0) when exciting through port 3 and collecting from
port 5 is mainly due to the long propagation distance of the fluorescence light leading
to higher propagation losses.

In the simultaneously pumping mode, the pump laser is coupled into port 1 and the
photons are collected from ports 2, 3 and 4 individually. Photons from all three ports
show g3 (0) < 0.5. Figure 7.4 (e) shows the second-order correlation measurement
of photons collected from port 3 giving g (0) = 0.31 < 0.5. The corresponding
saturation measurement is shown in Figure 7.4 (f).

In this chapter demonstrates the on-chip quantum-photonic unit and network containing
pre-characterized single NV centers. The waveguides guide the excitation light and the
emission from NV centers. The orthogonal orientated layout effectively filters the
accumulated background fluorescence. In the network design, the input and output
ports of the system can be chosen and the excitation of the single-photon sources can
be done simutaneously. At the same time, the photons collected from each port show
characters of single-photon emission with g (0) < 0.5. The fabrication procedure
and the photon collection efficiency is not limited by the number of integrated NV
centers. This system can be used as a standard single-photon unit or network allowing
for integration into quantum-photonic circuits with multiple single-photon sources.
And such network system has potential to form a practical nano-magnetic field sensor.
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8. Summary and outlook

In this thesis, I introduced a method that enables fabrication of 3D hybrid quantum-
photonic structures with single-photon sources integrated. Combined with DLW, this
unique method enables nearly arbitrary design of quantum-photonic components.

In Chapter 2, concepts and technical basics of this thesis are explained, especially the
single-photon source, NV centers in NDs and DLW. The experimental methods are
introduced afterwards. The laser scanning confocal fluorescence microscopy enables
mapping of single-photon sources in 3D and the single-photon emission is
characterized by the second-order correlation measurement using a Hanbury-Brown
and Twiss-type setup. The widely investigated single-photon source, NV center in NDs,
is introduced next. A three-level modeling of NV centers explains its optical
characteristics. Besides exploring the nature of the single-photon source, the powerful
tool for fabrication of quantum-photonic components, DLW, is illustrated. Exploiting
the benefits of this lithography technique, nearly arbitrary 3D quantum structures can
be fabricated.

In Chapter 3, the integrated setup for the localization-selection-lithography approach is
introduced. The setup combines the functionalities of laser scanning confocal
fluorescence microscopy and DLW technique. The pre-characterizing of NV centers
includes 3D fluorescence mapping, estimating the quantum emission efficiency by
comparing the fluorescence saturation behaviors and determining the NV center’s
dipole orientation. These pre-characterization processes help to select an NV center
with excellent properties.

Before implementing the main idea of this work, one fundamental problem considering
the background fluorescence of photoresists is solved in Chapter 4. Based on tests of
different combinations of monomers and photoinitiators, the fluorescence intensity
from several commonly used composites of photoresist is investigated. The results lead
to a photoresist recipe showing low background fluorescence. Further efforts to
improve the signal-to-background ratio can be made by a special design of packaging
the source which spatially filters out the background fluorescence photon-stream in
Chapter 7.

In Chapter 5, with the aid of the setup and lithographic methods, hybrid quantum-
photonic antennas have been fabricated. I demonstrated their ultra-high collection
efficiency from a single NV center. This is achieved by redirecting the emission of the
NV center into the designed detection direction. The parabolic design is incompatible
with the confocal pinhole and the background fluorescence from the polymer under the
non-confocal scheme then hinders the practical application. Another design of the
hemispherical shape mirror enhances the collection efficiency of NV center with low
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background fluorescence in the confocal scheme. The enhancement, comparing with
NV centers in an isotropic dielectric environment, reaches a factor of 1.87.

In Chapter 6, I demonstrate a method to integrate pre-characterized single NV centers
into pre-fabricated quantum-photonic components. In the first experiment, pre-
fabricated SisN4 waveguides are connected by a polymer waveguide with a pre-
characterized single NV center integrated. The single-photon emission from the NV
center is post-characterized and confirmed. In another experiment, single NV centers
are integrated into interrupted tapered fibers with a laser written polymer waveguide as
interconnection. This method promises the ability to combine quantum-photonic
structures fabricated from different platforms with single-photon source integrated and
well-aligned in desired positions.

Finally, in Chapter 7, functional 3D quantum-photonic systems are demonstrated. The
design combines the functionality of on-chip single-photon guiding, collection and
splitting. It suppresses the accumulated background fluorescence from the component
structure. A 3D single-photon sources network with multiple integrated single NV
centers is illustrated in a second experiment, where single photons from different NV
centers are directionally and selectively extracted.

As described above, the task to realize the ideal quantum-photonic circuit is still
impeded by many factors. First of all, an ideal single-photon source as described in
Section 2.1.3 is hard to achieve so far. Even though NV centers in NDs exhibit excellent
optical properties at room temperature, the practical application is restricted by the
broad emission spectrum and quantum efficiency relying on the host diamond
nanocrystal. A promising alternative are silicon-vacancy centers in NDs which show
much higher quantum efficiency within an extremely narrow spectrum band of around
20 nm at room temperature. In this case, the signal-to-background ratio can be
dramatically improved and single-photon sources can be more effectively integrated
into waveguides or fibers and thus the characterization and manipulation of single-
photon sources will not rely on a confocal setup anymore.

Besides, NV centers are also being used as nano-sensors to precisely detect local
magnetic field variations and mechanical stress. By using the approach of integrating
NV centers with DLW, NV centers are wired up forming an array or network with well-
designed antennas at desired locations. This can be used for detecting nano-magnetic
field variations in an optically detected magnetic resonance-type experiment.

Another promising experiment is to work with on-chip single-photon detectors that
have been reported recently [151]. I have demonstrated in this work the method to
integrate single-photon sources onto a pre-fabricated quantum optical circuit. With the
help of an on-chip single-photon detector, a more advanced and completed functional
quantum-photonic chip is on the way.
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