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Abstract 

The aim of the thesis is to design and build a fluorescence microscope for imag
ing single emitters and examining the properties of the emitted non-classical light. 
Fluorescence microscopy is a powerful imaging technique that utilizes fluorophores 
to visualize biological samples and processes. Fluorophores are molecules capable 
of fluorescence, and since a single molecule can only emit one photon at a time, the 
detected signal is inherently non-classical. The steps taken in this thesis to achieve 
light of single-photon nature include the mechanical and optical design of the mi
croscope setup, preparation of a suitable sample of terrylene molecules embedded in 
a para-terphenyl crystal and analysis of the fluorescent light. Most importantly, the 
second-order correlation function at a zero time delay was measured by means of 
the Hanbury-Brown and Twiss experiment. A value of g(2\0) = 0.25 was obtained, 
which is a clear characteristic of non-classical antibunched light. 
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Chapter 1 

Introduction 

Quantum optics is a rapidly advancing field of physics that investigates the funda
mental properties of light and its interaction with matter. Over the past decades, 
quantum technologies have been developed and grown in importance, such as quan
tum communication, computing, cryptography, and sensing. A l l these technologies 
are based on non-classical quantum states of light that are impossible to be obtained 
from classical light sources. Consequently, single-photon sources are of great impor
tance, as they enable the emission of light in the form of single photons leading to 
the generation of the target states with non-classical properties. 

Various approaches have been devised to attain single-photon sources. One of the 
methods is based on spontaneous parametric down-conversion, a nonlinear process 
producing photon pairs, which was suggested for the non-classical light generation 
[1] and has been widely used since [2]. However, such sources are probabilistic. 
Another possibility is the usage of a system that has to be re-excited before it can 
emit a new photon, for instance a single atom, ion, colour centre, quantum dot, 
or a single molecule [3]. A l l of these systems have been investigated in quantum 
optics experiments and protocols. Single atoms were used as single-photon sources 
in works [4, 5], and single ions were proposed for this purpose [6]. Single photons 
produced by an excitation of nitrogen-vacancy (NV) colour centre in diamond were 
used [7] and the authors of [8] demonstrated a more efficient source composed of a 
nitrogen-vacancy centre in a diamond nanowire. A n electrically driven single-photon 
source based on an N V centre at room temperature was realized [9]. Quantum dots 
have been utilized for single-photon generation [10, 11, 12], while [13] provides a 
recent review of the topic. 

The single-photon source of primary concern in the context of this thesis is the 
single molecule. Absorption of a photon will excite the molecule to one of the 
vibrational states of the excited energy state Si. After a non-radiative transition 
to the lowest vibrational state, the molecule can spontaneously relax back to the 
ground state So by emitting a photon of lower energy than that of the incident 
photon. Only one photon at a time can be emitted via the Si —>• So transition, 
and new excitation is necessary before another photon emission can occur. The 
emitted light is therefore antibunched, which was first observed for molecules in 
works [14, 15], and is referred to as fluorescence. A source of single photons on 
demand at room temperature was presented [16], and an overview of the underlying 
principles is given in [17]. More recent publication [18] demonstrates a very regular 
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stream of single photons emitted by a single molecule. The molecule-based single-
photon sources may even be tunable, as was achieved in [19] by applying uniaxial 
strain fields. 

In practice, the molecules are always embedded in a host material. A wide range 
of molecule-host combinations has been explored at cryogenic and room tempera
tures. Typical fluorophores, i.e. molecules capable of fluorescence, are terrylene, 
perylene, pentacene, and rhodamine. Hosts can vary in their phase; both liquid and 
solid hosts have been studied and are commonly used. The choice of a host material 
depends on the specific experimental requirements and application. Single fluores
cent molecules can be dispersed in liquid media such as solvents, polymer matrices, 
or lipid membranes. These hosts provide a highly dynamic environment, which can 
be useful for studying molecular dynamics, chemical reactions, or biomolecular inter
actions. Solid hosts, on the other hand, provide a stable environment, the molecules 
are immobilized within a crystalline matrix and their position and orientation can 
potentially be precisely controlled. The solid hosts are a favourable choice in the 
case of studying properties such as the emission spectrum or fluorescence lifetime, 
and, most importantly, in the case of creating a single-photon source. A few specific 
examples of crystal hosts are p-terphenyl, n-hexadecane, and naphthalene. In re
cent years, interest in using hybrid hosts that combine the advantages of both liquid 
and solid hosts has been increasing to achieve optimal control over the molecular 
properties and environmental interactions. For instance, the authors of [20] used a 
liquid crystal host. In the experimental work presented in this thesis, we adopt a 
common combination of terrylene molecules embedded in p-terphenyl crystal. 

Detection and localization of signals from single emitters have a wide range 
of applications in many research areas such as biophysics, biochemistry, and nan-
otechnology. Specialized imaging techniques are utilized for this purpose, including 
fluorescence microscopy and its subset called single-molecule localization microscopy 
(SMLM). These imaging techniques based on fluorescence allow for observation and 
tracking of individual molecules with high spatial and temporal resolution. Once 
the signals have been detected, the position of the emitter can be localized and the 
information can then be used for better understanding of fundamental processes at 
the molecular level. Furthermore, fluorescent labelling can be employed to extend 
the usage of these techniques beyond fluorophores, as these can be attached to other, 
non-fluorescent molecules of interest such as proteins, D N A , R N A and lipids, and 
enable their visualization in real time and the study of their structure and inter
actions as well. Another possible application of single emitters is quantum sensing 
[21] and the application of quantum metrology in biology is reviewed in [22]. 

Single-molecule localization microscopy enables precise localization of individ
ual fluorescent molecules with nanometre-scale resolution computationally from 
diffraction-limited image sequences [23]. The acquired information is used to con
struct a superresolution image or the trajectory of the molecules. Other techniques 
such as interferometric scattering microscopy (iSCAT) enable the imaging of single 
nanoparticles or biomolecules [24]. The iSCAT microscopy is a label-free technique. 
The principle lies in detecting the interference of reference light and light scattered 
by the studied particle. In addition, it is also capable of determining the particle 
mass. Under ideal conditions, the limiting factor in iSCAT is the shot noise. In 
reality, however, other noise sources are present and consequently, the detection 
sensitivity might not be sufficient for molecules of arbitrarily low mass. The au-
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thors of [25] utilized unsupervised machine learning for improvement of the mass 
sensitivity limit, representing just one example of growing importance of machine 
learning in single particle and emitter imaging. 

The term superresolution was already mentioned in the previous paragraph and 
is yet another important example of the possible applications of single-photon emit
ters. In classical optics, the imaging resolution is restricted by the diffraction limit, 
there have nevertheless been efforts to surpass it. Quantum superresolution imaging 
method based on the non-classical fluorescent light is demonstrated in [26], support
ing the claim that single emitters possess an extremely broad range of uses. 

The goal of this thesis is to design and build a fluorescence microscope in or
der to enable further research in some of the listed applications of a single-photon 
source based on single organic molecules, such as superresolution, emitter localiza
tion and counting, or quantum sensing. The process of successful construction of 
the microscope includes preparation of the single-molecule sample and character
ization of the emitted fluorescent light. Chapter 2 focuses on the single molecule 
system, introducing the theory of fluorescence emission. The particular choice of 
molecule-host combination of terrylene in p-terphenyl is specified and the sample 
preparation procedure described. Chapter 3 is dedicated to the fluorescence micro
scope. The mechanical design and selection of optical components are discussed and 
the building process and alignment of the whole setup is described in detail. The 
results of an analysis performed on the fluorescent signal emitted by the molecules 
are presented and discussed in Chapter 4. The final concluding chapter summarizes 
the work and states the future outlook and goals. 
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Chapter 2 

Single molecule system 

A specific kind of molecules, typically organic compounds, have fluorescence prop
erties. This means that an incident photon of a certain wavelength can be absorbed 
by the molecule, causing its excitation to a higher energy level, and the molecule 
consequently emits another photon. The emitted photon has a lower energy, as will 
be explained later, and therefore has a longer wavelength. This process is known 
under the term fluorescence and the molecules capable of it are called fluorophores. 
Since a single molecule can never emit more than one photon at the same time, it 
becomes a good candidate for a single-photon source, which is the objective of this 
thesis. This chapter is dedicated to an explanation of the process of fluorescence in 
a single molecule, description of the particular choice of the molecule and the host, 
as well as sample preparation and characterization. 

2.1 Single-molecule fluorescence 

To describe the process of fluorescence from a single molecule, the molecule can 
be considered a two-level system. The two energy levels that play a role are the 
ground state So and the first excited state S i . The designation by the letter S 
comes from the fact that these states are singlet states, meaning that the electrons 
occupying them have anti-parallel spins and therefore their spin quantum number 
5 = 0. The ground state is always a singlet state, the excited states on the other 
hand can have the spin quantum number 5 equal to both 0 and 1. The states with 
5 = 1 have parallel spins, are known as triplets and typically have lower energy 
than the corresponding excited singlet state [27]. The terminology for singlet and 
triplet states originates in the multiplicity of energy levels defined as 

The schematic visualisation of the molecular energy levels is shown in Fig. 2.1 
in the form of a Jablonski diagram. Three possible states are depicted: the ground 
state So, the first excited singlet state S i , and the first excited triplet state T\. 
Each of the states has a finer structure of vibrational levels as the molecule also 
has vibrational energy. The process of fluorescence takes place between the singlet 
states So and S i . Upon interaction with light, the molecule can get into the first 
excited state through absorption of a photon of suitable energy. It can end up in 

for 5 = 0 

for 5 = 1. 
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any of the vibrational levels and what follows is a non-radiative transition to the 
lowest vibrational level of the S\ state. From there the molecule relaxes onto one of 
the vibrational levels of the ground state with the simultaneous emission of another 
photon. This photon emission is called fluorescence of the molecule. A molecule's 
lifetime is the average time between its excitation and return to the ground state. 

It can be seen from the figure that due to the non-radiative transitions within 
both states, the emitted photon has a lower energy than the photon which was 
originally absorbed. This energy difference corresponds to a difference in wavelength 
A A as these quantities are bound by the relation 

E = hv=^, (2.1) 

where h is the Planck constant, c is the speed of light, and v is the frequency of the 
photon. Since the energy of the emitted photon is lower, its wavelength is longer 
and the difference A A is known as the Stokes shift. 

Figure 2.1: Jablonski diagram of single molecule energy levels. The ground state, 
singlet excited state, and triplet excited state are denoted So, Si, and T i , respec
tively. Each state is split into a fine structure of vibrational states. The process of 
photon absorption (green arrow) leaves the molecule in an excited state S\. After a 
non-radiative transition (sand blue arrow) to the lowest vibrational state of Si, the 
molecule can either emit another photon by fluorescence (orange arrow), or transit 
to the triplet state Ti via a low-probability intersystem crossing and emit a photon 
by phosphorescence (grey arrow). 

Absorption from the ground state to the triplet excited state is forbidden due to 
the fact that excitation by photons can only occur between states of the same spin 
[27]. There is, however, a non-zero probability of transition to the T i state from 
the Si state called intersystem crossing. The process T i —>• So takes place at much 
slower emission rate and is called phosphorescence. The probability of intersystem 
crossing for a single-photon emitter is nevertheless low enough for the triplet state 
to be neglected [17], only fluorescence processes will therefore be taken into account 
from now on. 
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2.2 Terrylene in p-terphenyl 

The fluorescent molecules selected for our experiment are terry lene molecules. The 
choice is based on the availability of these molecules, their photostability and most 
importantly the ability of operation under room temperature conditions. 

To be able to deposit the single molecules onto a coverslip to create a sample 
for observation under the fluorescence microscope, it is necessary to embed them 
in a host. Matrices such as polymers or glasses have been used at low-temperature 
conditions and the effects of spectral diffusion and blinking were observed which are 
almost absent in crystalline hosts [28] due to their well-ordered structure. Also, the 
fluorescence spectra of emitters embedded in polymers evolve with time, whereas 
the spectra of emitters in crystalline matrices have been shown to be stable [29]. A 
crystal host of p-terphenyl, which will be used in our experiment together with the 
molecules of terrylene, was first investigated at low temperature in works [30, 31]. 
The quality of the p-terphenyl sublimation crystals and the low concentration of the 
embedded fluorescent terrylene molecules enables one to observe the fluorescence at 
room temperature as well, as reported in [29]. Our experiment is performed entirely 
at room temperature, hence this combination of molecules and host is a suitable 
option. 

Terrylene has the molecular formula of CSOHIQ and is a representative of con
jugated hydrocarbons, i.e. organic compounds containing atoms of carbon and hy
drogen with alternating single and multiple bonds between the carbon atoms. In 
particular, it belongs to a group of aromatic hydrocarbons which are characterized 
by a ring structure shown in Fig. 2.2. The formula of p-terphenyl is C6H5C6H4C6H5 
and it also belongs to the group of aromatic hydrocarbons. It consists of three ben
zene rings. The molecular structure of both terrylene and p-terphenyl is shown in 
Fig. 2.3. 

H C C H 
\ / 

c c 

/ \ 
Figure 2.2: The basic unit of aromatic hydrocarbons, the benzene ring composed of 
hydrogen (H) and carbon ( C ) atoms with alternating single and double bonds. 

(a) 

Figure 2.3: The molecular structure of (a) terrylene and (b) p-terphenyl. 
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The crystalline organic host protects the fluorescent molecules from being ex
posed to diffusing quenchers, for example oxygen [16]. Consequently, the molecules 
exhibit good photostability, rapid bleaching is rare, and individual molecules which 
can endure long continuous illumination by excitation light can be rather easily 
found. The transition dipole moments of terrylene molecules are almost parallel to 
the optical axis, i.e. almost perpendicular to the sample plane. The orientation of 
the emitters is therefore well defined. It was shown in [32] that the emission from 
such oriented molecules has the form of a doughnut when imaged. A n asymmetry 
of the shape is likely observed due to a small tilt of the dipole with respect to the 
optical axis [33]. 

2.3 Terrylene emission spectrum 

Before any sample preparation, the first characterization of the terrylene was per
formed via the measurement of its spectrum. A plastic vial containing the solution 
of terrylene and toluene was fixed in a mechanical mount. A n output of a laser with 
wavelength A = 532 nm was directed into the solution and strong yellow fluorescent 
signal was observed in all directions, see Fig. 2.4. Wi th the use of a fiber collima
tor (Schafter+Kirchhoff), a part of the fluorescence was coupled into a multimode 
optical fiber, which led the signal to a spectrometer (HR2000+, OceanOptics). 

Figure 2.4: Fluorescent light emitted by a concentrated solution of terrylene 
molecules in toluene when excited by green laser light (A = 532 nm). 

The measured emission spectrum of terrylene can be seen in Fig. 2.5. It was 
obtained as an average of 30 acquired spectra, each with 1 s integration time. The 
central wavelength of the most significant peak is A = 579.7 ±0 .2 nm and was deter
mined by fitting a Gaussian curve to data corresponding to the peak and finding the 
position of its maximum. Calibration of the spectrometer with the help of a calibra
tion lamp (CAL-2000, Ocean Optics) was also taken into account. The uncertainty 
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of the wavelength determination is influenced by the spectrometer resolution and is 
considered to be its half. The second peak is centred at A = 616.0 ± 0.2 nm. A cut 
at the wavelength of A = 550 nm can be seen, which is due to long-pass dielectric 
spectral filter (Semrock) used in order to filter out the intensive excitation laser 
light. The observed spectrum has a typical shape of a terrylene emission spectrum 
(see for example [29]). 

400 500 600 700 800 900 

A [nm] 

Figure 2.5: Measured spectrum of fluorescent light emitted by terrylene molecules 
in a concentrated solution. 

2.4 Sample preparation 

The samples utilized for observation and analysis of fluorescence signal in our micro
scope setup consist of p-terphenyl crystal host and terrylene molecules. The original 
procedure for doping the p-terphenyl with terrylene was cosublimation [29, 31] and 
the resulting sublimation flakes were glued on a substrate (LiF or glass). A new 
method, spin coating, for creating thin crystalline films of organic molecules was 
introduced in [34]. This technique was later applied to terrylene in p-terphenyl 
[33] and the authors showed that the fabricated thin film is of a crystalline nature 
with the terrylene molecules aligned perpendicular to the film plane. We adopt the 
approach of spin coating for preparation of our own samples. 

Spin coating is a technique for depositing thin uniform films on flat surfaces. 
The spin coater device (L2001A3, Ossila) is shown in Fig. 2.6. It has a rotational 
plate with exchangeable chucks, designed to hold different substrate shapes in place, 
and a lid with a hole in the middle for applying the desired film material safely. The 
rotation speed and duration are fully programmable by the keypad. The material 
to be coated is applied to the substrate either while it is already rotating at certain 
speed or before any rotation takes place, depending on the particular procedure 
recipe. 
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Figure 2.6: Commercial spin coater device from Ossila and an example of a chuck 
for the substrate attachment. The illustrations without the labels come from the 
manufacturer's manual. 

The chemical structure of both p-terphenyl and terrylene was already introduced. 
Both substances are in the form of a white (p-terphenyl) and black (terrylene) 
powder and, as the first step in the process of sample preparation by spin coating, 
they need to be diluted. The solvent is in both cases toluene. The procedure 
recipe adjusted for our purpose according to the amount of acquired ingredients is 
as follows: 

• 500 mg of p-terphenyl is diluted in 75 ml of toluene. 

• 10 mg of terrylene is diluted in 100 ml of toluene. 

• The solution of terrylene and toluene is further diluted in toluene in a ratio of 
1:10 ml. 

• 20 pi of the diluted solution of terrylene and toluene is mixed with 75 ml of 
the solution of p-terphenyl and toluene. 

The final solution is then applied with a pipette onto a glass coverslip fixed in a 
suitable chuck in the spin coater. The coverslip must be properly cleaned beforehand 
with appropriate chemicals. First it was sank inside of a beaker filled with acetone 
and placed into an ultrasonic bath for 10 minutes. The same procedure was repeated 
with propanol. 

The maximum volume that can be spin coated is 20 pi. The samples created 
according to the recipe above have rather a high concentration of terrylene molecules. 
It is therefore useful for the first tests and trials of the microscope setup, because 
the fluorescence signal comes from a large number of molecules simultaneously and 
can be easily seen and used for alignment of the emission path (see Sec. 3.5). For 
single-photon experiments, however, the concentration of emitters must be low, and 
to achieve this, the following steps are added to the recipe: 
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• The solution of terrylene in toluene is diluted once again by mixing 20 ul of 
the previous solution with 10 ml of pure toluene. 

• 250 mg of the host p-terphenyl is diluted in 38 ml of toluene and 20 pi of the 
solution from previous point is added to produce the final substance. 

The resulting concentration of the dopant molecules in the host is c = 7.4 x 1 0 - 9 . The 
spin coating procedure is the same as in the previous case. The device is programmed 
such that it rotates with the speed of 1500 R P M (revolutions per minute) for 30 s 
and then it accelerates up to 3000 R P M for 3 s, which is supposed to ensure that 
all possible redundant liquid is gone after the procedure is completed. The result is 
a thin crystalline film of p-terphenyl doped with terrylene molecules deposited on a 
glass coverslip, which is used as a sample in the fluorescence microscope described 
in the following chapter. Examples of the terrylene-doped crystals can be seen in 
Figs. 2.7 and 2.8. 

(a) (b) 

Figure 2.7: (a) A n example of a p-terphenyl crystal deposited on a coverslip via 
spin coating, imaged by the microscope setup with the use of an auxiliary L E D 
illumination, (b) A n image of a p-terphenyl crystal under the laser excitation illu
mination by a focused beam. Strong fluorescence emitted by terrylene molecules in 
the illuminated area is observed. The emission is strong and clearly visible due to 
the fact that the sample contains a high concentration of terrylene molecules and a 
large number of them is excited at the same time. 
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Figure 2.8: A camera image of a p-terphenyl crystal doped with terrylene molecules 
under wide-field illumination by the excitation light, achieved by adding an extra 
lens into the setup so that molecules in a larger area of the sample are excited 
(details of the purpose of each optical component will be discussed in the following 
chapter). 

11 



Chapter 3 

Fluorescence microscope 

Fluorescence microscopy is a technique which uses fluorescent light to obtain unique 
characterization of the sample on the level of single molecules. The general princi
ple lies in an illumination of a sample by an excitation laser beam and a collection 
of light emitted by the excited molecules in the sample. The sample typically con
tains fluorescent molecules embedded in an appropriate host material. A fluorescent 
dye, fluorescent chemical compound, may also be used for labelling non-fluorescent 
biomolecules such as proteins, allowing to track them or study their properties in
dividually within the sample. Fluorescence microscopy has therefore become an 
essential tool in various fields of biology, including cell biology, microbiology, and 
neuroscience. From quantum optics point of view, fluorescence microscopy can be 
considered a feasible way of realizing a single-photon source and provide insights 
into the fundamentals of quantum systems, their interaction with the environment 
and dynamics under different experimental conditions, all of which is invaluable for 
quantum information processing or communication. 

3.1 Principle of operation 

The setup of a fluorescence microscope is generally composed of two fundamental 
parts, an excitation path and an emission path. The purpose of the excitation path 
is to illuminate the sample and cause it to emit photons of lower energy, i.e. longer 
wavelength, by the process explained in Sec. 2.1. The emitted light is collected in the 
emission path which is concluded by detection. The two paths overlap in the vicinity 
of the sample and the crucial step is to separate them. This is achieved by a dichroic 
mirror, an optical component with different reflection and transmission properties 
for different wavelengths. Typically, the excitation light of shorter wavelength is 
reflected in the direction of the sample, whereas the longer-wavelength emitted light 
is transmitted towards detection, as illustrated in a simplified scheme in Fig. 3.1. 
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Figure 3.1: A simple scheme of the fluorescence microscope core. The excitation 
light illuminates the sample through an oil-immersion objective and the emitted 
fluorescence light is separated by a dichroic mirror. 

3.2 Design 

The design of the fluorescence microscope built in our lab was guided by the basic 
principles of operation described above. The main challenge concerned the choice 
of appropriate components and the sample attachment and illumination through an 
objective. The solution turned out to be a tall stage with the sample placed on 
top and illuminated through the objective from below. The stage is consistent of 
four robust pillars screwed directly into the optical table, two custom metal plates 
supporting the objective mount as well as a piezo stage (P-545.3C8S, PInano) onto 
which a sample holder is attached, and three balls allowing the movement of the 
upper plate to be as smooth as possible. A 3D model of the stage created in Autodesk 
Inventor can be seen in Fig. 3.2. 

The piezo stage is necessary for a precise controlled movement of the sample 
holder allowing scanning through the sample. In order to have the option of a 
coarse scanning, the upper plate is also placed on two manual linear translation 
stages in x and y directions. The objective is mounted on another linear stage 
enabling the first iteration of focusing before employing the precise piezo stage. 

The process of building the experimental setup involved designing several custom 
parts. The metal frames for the microscope stage were already mentioned, another 
example is the sample holder, a thin metal plate screwed directly into the piezo stage 
by M2 screws. The coverslip with the sample is then attached by tiny magnets. 

Custom holders for two collimators with long focal lengths (35 mm and 40 mm) 
providing large-diameter beams were also necessary. The collimators were acquired 
specifically for our setup and thus no suitable mounts were available in our lab. The 
lens position within the collimator with respect to the optical fiber end-face must 
be adjusted properly by an eccentric key in order to obtain a collimated beam at 
the output. The hole for the eccentric key therefore has to be accessible through the 
mount, as well as the clamp screw for locking the final lens position. The location 
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Figure 3.2: 3D model of the microscope stage, the core of the whole setup where 
illumination of the sample takes place and the excitation and emission paths overlap. 
Linear stages and a precise piezo stage allow controlled movement of the sample in 
all x, y and z axes. 

of holes in the holder to maintain this access was calculated based on a drawing of 
the collimator provided by the manufacturer. Fig. 3.3 shows the created drawing 
of the 35 mm collimator holder and the fabricated result made of brass. 

Figure 3.3: Drawing of the custom holder for a 35 mm collimator and the fabricated 
product. 

The experimental setup of the microscope constructed in our lab is shown in 
Fig. 3.4. The excitation path starts with a continuous laser with a polarization-
maintaining (PM) single-mode optical fiber. The signal is out-coupled into free 
space by a collimator and two mirrors are used to properly set the height and path 
of the beam. Power and polarization control components such as a neutral density 
filter (ND) and half wave plate (HWP) are used. Two other mirrors follow to guide 
the beam around the microscope stage and a lens in a flip-mount is placed between 
them with the aim of having the option to switch to a wide-field illumination. In 
the default, the lens is not a part of the setup and the sample is illuminated by 
a focused excitation beam. It is nonetheless sometimes convenient to illuminate a 
larger area of the sample simultaneously and it is for this purpose that the lens 
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can be added. It is placed in the distance of one focal length in front of the back 
focal plane of the objective such that the beam emanating from the objective is 
collimated. After the optional wide-field lens, the excitation laser beam is directed 
by the second mirror to the crucial component, the dichroic mirror (DM), which 
reflects it towards the stage. A mirror in a 45° mount reflects the beam upwards 
into the objective to illuminate the sample placed on the piezo stage. Fluorescence 
signal (orange) is emitted by excited molecules in the sample, travels back through 
the objective and is transmitted by the dichroic mirror into the detection block. The 
detection can be performed by a camera, a spectrometer, or a combination of single-
photon detectors and a beam-splitter as will be discussed in Sec. 3.5, depending on 
the desired analysis of the fluorescence signal. 

long-pass filter 

microscope 
stage 

Figure 3.4: Experimental setup of a fluorescence microscope. The purpose of the 
excitation path (green) is to illuminate the sample and excite individual molecules, 
which in turn emit fluorescence light (orange) of different wavelength. The fluores
cence is separated from the excitation at the dichroic mirror and different kinds of 
analysis can be performed on the signal with the right choice of detection scheme. 
(a) A simple single-photon detection with the use of a SPAD and a time tagger. 
(b) Hanbury-Brown and Twiss setup for coincidence measurement, (c) A sCMOS 
camera detection for classical imaging. 
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3.3 Optical components 

Before the setup shown in Fig. 3.4 could have been built, appropriate optical com
ponents with the required properties had to be selected and acquired. This section 
describes each component in more detail and gives justification for the particular 
choices. 

Laser The excitation beam is provided by a continuous laser (MatchBox, Inte
grated Optics) with wavelength A = 532 nm and a spectral width <0.025nm as 
reported by the manufacturer. It is of a very compact size and equipped with 
a Peltier cooler for thermal stabilization. The output optical fiber of our choice 
is a polarization-maintaining (PM) fiber with an A P C connector (angled physical 
contact, where the fiber ferrule is polished at an angle) in order to minimize back 
reflections. 

Collimator The collimator is an optical component for out-coupling light from an 
optical fiber into free space which is capable of producing a collimated beam, i.e. a 
beam of constant diameter over a long distance. It can also be used in reverse for 
coupling a signal into the optical fiber. The first collimator in our setup follows right 
after the P M fiber of the laser. It was chosen such that the out-coming beam has a 
large diameter, but is not cut by any of the other optical components, which might 
be an issue especially in the case of mirrors which are always placed under 45° angle 
with respect to the optical axis and their effective aperture is thus smaller by a factor 
of sin(45°). The chosen collimator is the 60FC-T-4-M35-26 from Schafter+Kirchhoff 
with a focal length of / = 35 mm. Its fiber connector is of the A P C type. The 
collimator itself consists of an achromat with anti-reflective coating in the range of 
420-700 nm. 

Mirrors A l l mirrors in the setup are broadband dielectric mirrors BB1-02 from 
Thorlabs with 1 inch diameter made out of fused silica. 02 means that their coat
ing is in the range of 400—750 nm, which covers both the excitation and emission 
wavelengths in our setup. 

Neutral density filters In order to have control over the laser power, six neutral 
density (ND) filters with different optical densities (OD) were placed into a filter 
wheel, which is a convenient mount allowing the change of filters simply by its 
rotation. The optical density specifies the attenuation of the incident beam caused 
by the filter and is in direct relation with the transmission T = 1 0 _ O D . The used 
ND filters are from Thorlabs and have OD = 0.5, 1, 2, 3, 4, 5. 

Wide-field lens The wide-field lens is a lens that can be optionally added into 
the setup by means of a flip-mount and its purpose is to produce a collimated beam 
after the objective, which in turn results in illumination of a larger sample area. For 
this to work, the lens must be placed one focal length in front of the objective back 
focal plane. Taking into consideration all the components which must be inserted 
between the lens and the objective, the focal length of the lens needs to be long 
enough to provide sufficient space. A lens with / = 500 mm was therefore chosen, 
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specifically an achromatic doublet with coating in the proper wavelength region, 
AC254-500-A-ML from Thorlabs. 

Dichroic mirror The dichroic mirror (DM) is a crucial component of the setup 
as it separates the desired fluorescence signal from the excitation laser light. It 
therefore has to have the right coating so that it reflects the wavelength 532 nm of 
the laser and transmits the fluorescence light of 580 nm. D M which was found to 
fulfil all the requirements is a component FF538-FDi02-t3-25x36 from Semrock. It 
has a single edge at 538 nm, reflecting shorter wavelengths and transmitting longer 
ones as desired. It has a shape of a 25 x 36 mm rectangle, therefore a special mount 
from Liop-Tec had to be purchased as well. 

Objective A n equally important component at the heart of the microscope is the 
objective. Typical microscope objectives are composed of several lenses and have 
very short focal lengths. In the case of our setup, high numerical aperture (NA) 
is particularly important. N A characterizes the ability of the objective to collect 
light in terms of the angle range, N A = nsin(0), where n is the refractive index of 
the medium between the objective lens and the sample. It is therefore possible to 
increase the N A by increasing the medium refractive index, which is best achieved 
by filling the space between the objective and the sample with immersion oil whose 
refractive index is close to that of the glass coverslip. The objective engaged in our 
setup is UPLSAPO100XO from Olympus with 100 x magnification and N A = 1.4 
and is used together with IMMOIL-F30CC immersion oil. 

Long-pass filter Even though the dichroic mirror is designed such that it reflects 
the 532 nm laser light, its reflectance is not perfectly 100 % and a small percentage 
of the excitation light will be transmitted into the emission path, which will be 
quite significant considering the typical laser power in comparison with the weak 
fluorescent signal. This can be used for alignment purposes as it allows observation 
of the laser spot on the camera. However, in most cases only the fluorescence 
emitted by excited molecules is of interest, and the laser light becomes parasitic and 
has to be eliminated. A properly chosen long-pass filter will assure exactly that. A 
Thorlabs filter FEL0550 with a cut-on wavelength 550 nm was therefore mounted in 
a flip-mount so that its presence in the setup is optional and the flexibility of signals 
entering the detection part kept. 

Camera A n sCMOS camera is used as one option of detection, especially in the 
building process and adjustment of the setup, but also later for classical imaging of 
the sample. The particular choice to start with was the camera Z W O ASI1600 with 
pixel size of 3.8 pm, quantum efficiency peak value Q E = 60 % and the minimum 
read noise of 1.2 e~. The camera was recently upgraded to Andor Marana 4.2B-6 
with pixel size of 6.5 pm and Q E up to 95 % in the region of wavelengths of our 
interest. 

Optical fiber for fluorescence coupling Analysis of the emitted fluorescence 
light is of high interest and hence relevant devices will be used, many of which require 
an optical fiber input. It is thus necessary to couple the signal into an optical fiber 
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GIF625 (graded-index fiber with 62.5 um core diameter), which is a multimode fiber 
as it is vital to couple as much of the signal as possible. 

Fiber beam splitter Two single-photon detectors are needed for a coincidence 
measurement and photon antibunching verification, the fluorescence signal thus has 
to be divided into two branches travelling towards both detectors with the use of 
a fiber beam splitter. Since there are two detectors, two outputs are required, and 
consistently with the first fiber, the fibers of the BS should also be multimode. A 
suitable choice is the 2 x 2 multimode fiber beam splitter F O C F501278. 

Single-photon detectors Single-photon detectors are necessary for analysis of 
the fluorescence signal emitted by single molecules. The detectors used in our experi
ment are single photon avalanche diodes SPCM-AQRH-14-FC, PerkinElmer/Excelitas, 
which are capable of detecting single photons in the range of wavelengths 400—1060 nm. 
They are based on temperature controlled silicon avalanche photodiodes operated 
in Geiger mode and actively quenched. The maximum dark count is 100 Hz and the 
maximum dead time 65 ns, with the measured values even lower. 

3.4 Excitation path 

Once all the necessary components were available, construction of the setup could 
begin with the excitation path. The first step was to out-couple the laser light from 
the P M single-mode fiber into free space with the use of the 35 mm collimator. To 
ensure a collimated beam over a large distance, the optical path was prolonged to 
several metres with the help of three mirrors and the beam width was measured at 
various points with a beam profiler. The same beam width over the whole range 
was achieved by adjustment of the collimator lens position with an eccentric key. 
To achieve better precision, the collimation was later performed with the use of a 
shear plate and Shack-Hartmann wavefront sensor. 

Since the custom collimator holder is fixed, two mirrors in tip-tilt mounts were 
added into the path so that the beam height and direction can be precisely set 
and controlled. To align the beam properly in the constant height of 90 mm above 
the optical table and straight above a line of thread holes, two irises were used, 
the second one as far in the desired direction as possible. The iris mounts were 
screwed directly into the thread holes of the optical table to make sure their centre 
is precisely positioned. A power meter (PM100D, Thorlabs) was placed after the 
second iris. Each mirror mount has two adjustment screws for tip and tilt and 
these are employed in a walk-in method of beam alignment. One of the adjustment 
screws is moved to one side and a maximum power reaching the power meter is 
found by adjusting the corresponding screw on the second mount. The same step is 
performed for the other pair of screws and the whole process is repeated iteratively 
several times until the maximum power is obtained. 

These steps led to a well-aligned collimated excitation beam at the input of 
the fluorescence microscope setup. Some space was left for additional components 
like neutral density filters or half-wave plate for power and polarization control 
and two more mirrors followed to enable full control over the beam impinging on 
the subsequent crucial component, the dichroic mirror (DM). The same alignment 
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procedure for a straight beam of constant height as before was performed with 
the new pair of mirrors. The rectangular mount holding the D M was placed on a 
linear stage so that it can be accurately shifted back and forth in the direction of the 
excitation beam propagation for two reasons, the first one being an easier adjustment 
of the reflected beam position. The second and main reason is a transition between 
two regimes of fluorescence microscopy - normal incidence and T I R F - by means 
of shifting the D M . Both regimes will be discussed in more detail in Sec. 3.6. The 
angle of the D M was set to 45° with respect to the beam propagation with the help 
of two irises screwed into the relevant line of optical table thread holes. 

The beam reflected by the D M needs to be navigated into the objective, which 
is vertically fixed in the microscope stage as seen in Fig. 3.2. A mirror in a 45° 
mount (H45, Thorlabs) is thus placed in the middle of the space between the pillars 
on an additional linear stage for an easier and more precise adjustment of the centre 
position. It is essential that the beam reflected upwards is perfectly straight and 
perpendicular to the optical table as it has to pass through the centre of the objective 
before illuminating the sample. The beam is therefore aligned in the absence of both 
the objective and the sample at first. Instead, two irises are mounted vertically in 
the objective mount with the help of extension tubes and a power meter sensor 
is seated at the top. A walk-in alignment method is employed again, using the 
adjustment screws on the dichroic mirror and the 45° mirror. To verify that the 
beam is hitting the sample under normal incidence, a microscope slide was placed in 
a custom-made holder and the back reflection was observed. In the case of normal 
incidence, it naturally has to follow the same path as the incident beam. 

The crucial imaging component, the objective, is mounted into the stage once 
the straight vertical beam is ensured. Since it is an oil-immersion objective, a drop 
of an appropriate immersion oil has to be applied to the lens before a sample is 
attached. The oil then connects the objective and the bottom side of the coverslip 
with a sample on the top. The beam exiting the objective is focused on the sample 
plane. 

It was already mentioned in the list of optical components that an additional lens 
can be added into the existing setup in order to generate a collimated beam behind 
the objective rather than a focused one. The obtained advantage is an illumination 
of a larger sample area and thus an easier scanning of the sample. However, this 
feature needs to be optional and it has to be possible to switch between these two 
modes readily, the wide-field lens is therefore placed in a flip mount. For the beam 
exiting the objective to be collimated, the lens must be located in a distance of one 
focal length (/ = 500 mm) from the objective back focal plane. 

The space between the two mirror pairs in the beginning of the path is used for 
components allowing control over the laser power entering the microscope, namely 
ND filters and a H W P . A wheel mount containing N D filters with different optical 
densities gives the opportunity to switch between power values by the order of 
magnitude. For finer adjustment, the software control of the laser pump current 
can be used. 

A n auxiliary white L E D source is fixed in a mount just above the sample to 
enable the usage of the microscope setup for classical imaging, in order to see the 
structure of the crystal or any other potential sample, and for adjustment. 
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3.5 Emission path and detection 

In case the sample contains terrylene molecules as described in Sec. 2.4, they can 
be excited by the laser light and emit fluorescence signal with the measured peak 
wavelength A = 579.7 ± 0.2 nm. The path this signal propagates along is then 
called the emission path. It therefore begins in the sample plane with a divergent 
beam a part of which is collimated by the objective. The fluorescence light is then 
reflected by the 45° mirror under the objective towards the dichroic mirror, where 
the essential separation from the excitation light takes place due to the emitted light 
being transmitted rather than reflected. 

What directly follows the D M is a long-pass filter in a flip mount. Most often 
its effect of filtering out the portion of laser light that managed to leak through the 
D M is desired, but in some situations, it can become useful to observe the laser spot 
on the camera and then the filter can be removed temporarily. Since the excitation 
path was already well aligned and the first part of the emission path is identical, it 
is also well aligned to start with. 

The next component is another type of flip mount containing an ordinary mirror 
whose purpose is to direct the signal into a detection type of choice. It can either 
be captured by a camera or by a more complicated detection setup. Since the 
camera imaging is used mostly for stronger signals and alignment purposes, it is not 
a significant problem if another few percent of the power are lost on the mirror in 
contrast with the more sophisticated detection methods where all the signal possible 
is needed. The flip mount also has a certain repeatability error which would cause 
a serious complication in the case of incoupling the signal into a fiber as it is very 
sensitive and a new adjustment would be needed every time the mirror is flipped, 
whereas it is not an issue if the image on the camera is shifted by a few pixels. The 
camera is therefore placed at 90° angle with respect to the direction of propagation 
so that the mirror is an active part of the setup in order to reflect the light towards 
it. The position and angle of the mirror are aligned such that the observed field 
of view is symmetric. A n additional N D filter is inserted in a flip mount right in 
front of the camera and is used when the leaked laser light is present so that the 
camera chip is not overexposed. A tube lens (/ ' = 200 mm) is used to relay the 
image onto the camera chip. Before the camera was used for imaging in the lab, 
the tube lens was focused on "infinity" by pointing the camera out of the window 
and focusing on a distant object. By the objective design, the ideal corresponding 
tube lens would have the focal length of / / d e a l = 180 mm, the overall magnification 
is therefore scaled by the ratio / '//ideal' yielding 

f 200 
M = M o b j • -J— = 100 • — « 111. (3.1) 

/ideal i 8 U 

If the camera mirror is flipped away, the fluorescence light propagates straight 
forward and is coupled into a multimode fiber (MMF) with the help of two mirrors 
in tip-tilt mounts and a fiber collimator 60FC-0-A11-01 (Schafter+Kirchhoff). The 
in-coupling of such a weak signal is a demanding process. Therefore, we exploit the 
laser light leaking through the dichroic mirror as its path overlaps with that of the 
fluorescence light. The input power can be increased for this purpose to increase 
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the leaked portion as well and make it even easier to work with. The process of 
in-coupling started with aligning the height and direction of the beam by a walk-in 
method using the mirror pair and two irises. When a properly aligned beam was 
obtained, the irises were replaced by the fiber collimator. Its position was slightly 
adapted by the screws of its own mount until the light was going through. The next 
step was to connect a fiber (GIF625) into the collimator and attach the other end 
to a power meter, followed by another iteration of the walk-in alignment method to 
obtain the maximum power behind the fiber. 

With the fluorescence light coupled into a fiber, different kinds of analysis can be 
employed by connecting the fiber into different devices. The first one to mention is 
an optical spectrometer (HR2000+, Ocean Optics) which together with a software 
(OceanView) provides the spectrum of the signal. Other information can be obtained 
by employing a single photon detector such as a single photon avalanche diode 
(SPAD). The fiber is inserted directly into the SPAD, which is connected to a time-
to-digital converter (TDC). The number of registered counts can then be observed 
on the computer. Since the SPAD is extremely sensitive, the influence of other light 
sources has to be eliminated. A l l lights where possible should be turned off and the 
detector, fiber and collimator covered with a black cloth. Extra shielding can be 
attained by a black hardboard built around and over the detection block. 

Further expansion of the detection scheme lies in adding a second SPAD of 
the same type with the goal of measuring coincidences between photon detection 
from both detectors. To engage both SPADs, the fluorescence signal needs to be 
divided by means of a 2 x 2 fiber beam splitter. One of its inputs is connected 
to the fiber into which the fluorescence light is coupled, the other input is left 
loose, covered with a cap. Both outputs of the splitter are inserted into the two 
SPADs, which are thereafter both connected to the T D C . This latest scheme for 
coincidence measurement is referred to as the Hanbury-Brown and Twiss experiment 
and detailed attention will be paid to this topic in Sec. 4.3. 

3.6 Normal incidence and T I R F 

Under the standard operation of a microscope, the excitation light propagates along 
the optical axis of the objective and illuminates the sample perpendicularly to the 
sample plane, i.e. under normal incidence. The laser light is focused by the objective 
in the absence of the wide-field lens and excites the sample in a region of size 
corresponding to the size of the focused spot. It is however not the only possible 
regime. The use of total internal reflection (TIR) gives rise to total internal reflection 
fluorescence (TIRF) microscopy. TIR can occur at the interface of two media with 
different refractive indices m , ri2 in case the light propagates from the medium with 
the higher refractive index (m > 712) and it means that all incident light is reflected 
back into the first medium rather than being refracted into the second one. Another 
condition for TIR to occur is that the angle under which the light is incident on the 
interface must be equal or higher than the critical angle 9C 

When this condition is fulfilled in the case of sample illumination in fluorescence 
microscopy, all the excitation light is reflected at the coverslip-sample interface. 

(3.2) 
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The situation is depicted in Fig. 3.5. A n electromagnetic field in the form of an 
evanescent wave is generated on the side of the sample. The field is of the same 
frequency as the excitation laser light and its intensity decreases exponentially with 
distance from the interface. Efficient excitation of molecules therefore happens only 
in the vicinity of the interface (a few hundred nanometres at maximum) [35]. 
The exponential decrease is described by the equation 

IZ = he~zl\ (3.3) 

where IZ is the evanescent wave intensity at a distance z, IQ is the initial intensity 
and d is the penetration depth of the evanescent wave [35] 

evanescent wave 

coverslip 

oil-immersion 
objective 

Figure 3.5: Total internal reflection fluorescence microscopy regime is achieved by 
illuminating the sample at a high angle. A l l the excitation light is reflected back 
into the objective and evanescent wave is generated at the coverslip-sample interface, 
exciting fluorescent molecules only in a thin layer of the sample. 

The T I R F regime is achieved by introducing a shift of the excitation beam po
sition in the back focal plane of the objective, i.e. a lateral shift of the excitation 
beam axis with respect to the objective optical axis such that they remain parallel. 
Experimentally it is accomplished by moving the dichroic mirror on a linear stage 
and consequently shifting the reflected beam. The main advantages of T I R F mi
croscopy are better signal-to-noise ratio and elimination of out-of-focus fluorescent 
light. 

Single terrylene molecules imaged in the T I R F microscopy regime appear on the 
camera in the shape of a doughnut, see Fig. 3.6. This is due to the molecules' tran
sition dipole moments being oriented approximately perpendicularly to the sample 
plane, as discussed in Sec. 2.2, together with the fact that T I R F provides significant 
component of the excitation light electric field along these dipole moments [33]. 
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Figure 3.6: Doughnut-shaped single terrylene molecules captured by the camera in 
the T I R F microscopy regime. 
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Chapter 4 

Fluorescence signal analysis 

With a functioning fluorescence microscope setup, analysis of the fluorescence light 
emitted by excited molecules could be performed. Different detection possibilities 
were depicted in the setup scheme in Fig. 3.4. Wi th the signal of interest coupled 
into an optical multimode fiber, however, any other suitable device can be easily 
connected and employed for gaining information. This chapter describes results 
obtained by several detection methods implemented for the characterization of the 
fluorescence signal emitted by terrylene molecules. 

4.1 Single-photon detection 

This section refers to the detection scheme (a) of Fig. 3.4, which was built by the 
procedure outlined in Sec. 3.5. The optical fiber with coupled fluorescence signal is 
inserted into a single-photon detector (SPAD), which is connected to a T D C . The 
number of detected counts is displayed using the time tagger software operated as 
counter. It is necessary to prevent any parasitic light from entering the SPAD, which 
is achieved by turning all the lights off, covering the whole detection part with a 
black cloth and adding extra black hardboard from every side, including from above. 

The sample with lower dopant-host concentration was used for the measurement. 
For more efficient excitation of single molecules, the dichroic mirror was shifted by 
the micrometric screw of the linear stage into the T I R F microscopy regime. A n area 
of the sample containing the crystal flake was found with the help of a L E D source 
and classical camera imaging, whose gain was increased and cooling turned on. Then 
the setup was switched back to the laser illumination and the sample scanned around 
using the piezo stage until a doughnut-shaped molecule was observed in the image. 
Upon some of the tries, the found molecule experienced photobleaching, which was 
observed in the counter regime as a sudden drop in the number of counts as a 
function of time. The bleaching is caused by extensive exposure to the continuous 
laser illumination and is irreversible. Observation of this process can be considered 
as an indicator that only a single molecule was present. It is, however, not very useful 
in practice, as it only serves as a retrospective proof since the molecule becomes 
unable to emit any more fluorescent light afterwards. 

When a stable molecule was detected, the count rate was maximized by program-
controlled nano-scale translation of the piezo state, by rotation the H W P and by 
slightly adjusting the tip and tilt of one of the mirrors in front of the fiber collimator. 
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The maximum emission count rate is examined by measuring the dependence of 
the detected count rate on the excitation power of the laser beam. The measured 
dependence exhibits saturation behaviour, theoretically described by 

c { I ) = CooiTlJTs

+aI' (4ll) 

which is a saturation law derived from rate equations for a two-level system [16] and 
the linear term is added in order to account for possible background fluorescence, 
which might occur especially for the high values of excitation power. is the 
saturation count rate, / the excitation intensity, and IS the saturation intensity. 
Both the measured data points and the curve fitted to the data according to the 
saturation law are shown in Fig. 4.1. 

Figure 4.1: Dependence of the detected count rate on the excitation laser power 
showing a saturation behaviour. Fi t based on Eq. (4.1) to the measured data points 
is depicted as the solid line. 

The saturation count rate is found to be = 14 ± 4 MHz and the saturation power 
IS = 588 ± 141 uW from the parameters of the fit. The proportionality constant 
a regarding the background fluorescence is of the order of 1 0 - 3 and the linear 
term al is therefore of the order of 1 0 _ 1 MHz for higher values of the excitation 
power, which means that the background fluorescence contribution is significant. 
The errorbars indicate Poissonian uncertainty. The saturation intensity is typically 
rather high, which is due to the mutual orientation of terrylene molecules transition 
dipole moment and the excitation field, because only a fraction of the laser intensity 
is influencing the molecule [29]. Saturation of the detectors plays a minor role as it 
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occurs for count rates around 30 MHz. The measured count rates are nevertheless 
quite high and in the future it would be desirable to correct for the non-linearity of 
the detectors [36]. 

4.2 Spectrum 

After data acquisition for the number of counts, the M M fiber was unplugged from 
the SPAD and was inserted into the spectrometer (HR2000+, Ocean Optics) instead. 
The spectrum of the signal emitted by a single molecule measured over integration 
time of 8 s is shown in Fig. 4.2. 
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Figure 4.2: Spectrum of the fluorescence from a single terrylene molecule. 

The spectrum qualitatively corresponds well to those reported in literature ([29], 
[37]). It is broadened due to the room-temperature conditions and two peaks cor
responding to two vibronic levels are observed. 

4.3 Hanbury-Brown and Twiss experiment 

The ultimate goal all along was to obtain a source of single photons. In the presented 
experimental arrangement together with the sample of single terrylene molecules 
embedded in crystalline host of p-terphenyl, the single-photon sources are the single 
molecules. A molecule modelled by a two-level system as in Sec. 2.1 can never emit 
more than one photon at the same time as it ends up in the ground state after 
having emitted a photon and needs to be excited again before another emission can 
occur. 

Some characteristics of the detected fluorescence light were already reported, 
but the most important one is still to be discussed - the experimental proof that 
the detected signal from a single molecule is a non-classical single-photon signal. 
A scheme utilized for this purpose is the Hanbury-Brown and Twiss experiment 
[38]. It is a correlation measurement of intensities with the use of a balanced beam 
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splitter and two detectors. The principle is based on the fact that coherence of a 
beam and the intensity fluctuations are related in the sense that the coherence time 
r c determines the fluctuations time scale [39]. The quantity to assess the intensities 
correlation is the second-order correlation function g^2\r) defined as 

(i{t)f 

for the case when the average intensity is constant, i.e. {I(t)) = {I(t + r)). The 
brackets denote time averaging over a long period of time and r is a time delay. 

For classical light, the following applies: 

2 ( 2 ) (0) > 1, (4.3) 

5 ( 2 ) ( 0 ) > 5 ( 2 ) ( r ) . (4.4) 

If the intensity I(t) of a light source evolves over time, the second-order correlation 
function </2) (r) will be a decreasing function of r and will approach 1 in the limit 
of a large r [39]. In case I(t) is constant, which is true for a perfectly coherent light, 
</2)(T) = 1 at all times. 

If the discrete nature of light is taken into account and the same scheme of a beam 
splitter and two detectors is examined on the level of single photons, a qualitatively 
different results are obtained. If a single photon is incident on the beam splitter, 
unlike classical light it cannot be divided any further and will therefore be detected 
only by one of the two detectors with equal probabilities. Since a single molecule is 
capable of emitting only one photon at a time and one photon can only be detected 
once, there will be no coincident detections on both detectors for a time delay r = 0. 
The second-order correlation function for a zero time delay will therefore be equal 
to zero, 

5 ( 2 ) ( 0 ) = 0 , (4.5) 

which can never happen for classical light (see equations (4.3) and (4.4)), it is hence 
a clear sign of non-classicality. Treating the electric fields as quantum-mechanical 
operators instead of classical waves, the second-order correlation function at zero 
time delay can be expressed using the photon number operator n = a^a in the form 
of 

9 <»(0) = ( 4 . 6 ) 

where the brackets denote quantum-mechanical expectation values. In the case a 
single photon is incident on the input of the correlation setup, the corresponding 
quantum state is an eigenstate of the photon number operator with an eigenvalue 
n = 1 and the Eq. (4.6) yields g(2\0) = 0, in agreement with Eq. (4.5). For a 
potential state containing two photons, g^2\0) = 0.5. This leads to the conclusion 
that if the measured value of g(2\0) < 0.5, it is a proof of the detected signal to be 
in a single-photon state. 

The value of g(2\0) in general classifies light as bunched (g^2\0) > 1), coherent 
(g(2)(0) = 1) and antibunched (g^2\0) < 1), which is schematically indicated in 
Fig. 4.3. A n example of a bunched light is thermal light. The probability of detecting 
another photon is higher at shorter times after the first detection [39]. Coherent 
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light is characterized by Poissonian statistics and random time intervals between 
successive photons. The photons of antibunched light tend to be spaced regularly 
and no classical analogue exists to this case. The photons emitted by a single 
molecule are antibunched for the reasons previously mentioned. 

Bunched • • • • • • • • • • • 

Coherent # # • • • • • 

Antibunched • • • • • • • 

Figure 4.3: Schematic representation of a photon stream behaviour based on the 
second-order correlation function. 

The Hanbury-Brown and Twiss (HBT) detection setup was shown in panel (b) 
of Fig. 3.4. The fluorescence coupled into the M M fiber is divided into two branches 
by a 2 x 2 M M fiber coupler and both outputs are connected to single-photon 
detectors of the same type. Both SPADs are plugged into the T D C . The time 
tagger software is set to counter and newly also correlation mode, which calculates 
the correlation function via measuring the time intervals between arrivals of photons 
on both detectors. The coincidence window width is 0.5 ns. The setup is shielded in 
the same way as in the previous section, but two filters were also added in front of the 
fiber collimator for in-coupling the fluorescence into the M M fiber, a long-pass filter 
with cut-on wavelength of 550 nm and a short-pass filter with cut-off wavelength of 
750 nm so that as much of the remaining background signal as possible is eliminated. 
The excitation power of the laser was 33 u W throughout the measurement. 

A photostable molecule was found in the sample using the same steps as before 
and the number of detected counts in the counter regime was optimized. When the 
achievable maximum was found, the measurement was switched to the correlation 
mode. A significant dip at the zero time delay was immediately observed. The 
normalized g^2\r) curve is shown in Fig. 4.4 together with a fit to the data by a 
convolution 

/
•oo 

»2Li(*) • ° ( t - *) d t> ( 4- 7) 
-oo 

where 5 i (je ai( r) i s the ideal second-order correlation function for a two-level model 
[9] which has been assumed in the whole description of the single molecule system, 
and is of the form 

£Li(r) = l-c-exp(-a\r\). (4.8) 

The function G(t) is a Gaussian response function 

G i t ) = v k ^ { ^ ) - ( 4 - 9 ) 

which accounts for the imperfections of real detectors and electronics, namely time 
jitter, whose standard deviation corresponds to a. The ideal second-order correlation 
function is impaired by this response function, which is expressed by the convolution. 
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Fig. 4.4 is the essential result of the presented work. The minimum value of 
the g(2\r) fitted curve according to Eq. (4.7) for r = 0 reaches g(2\0) = 0.25. The 
standard deviation of the time jitter calculated from the parameters of the fit is 
equal to a = 0.60 ± 0.03 ns. The value comprises the jitter of both SPADs (400 ps 
each) and the T D C (50 ps), which yields the value of 0.57 ns, a good correspondence 
with the value based on the data is therefore obtained. The parameter c of the fit 
determines the minimal (0) value, which would be achieved if ideal detectors and 
electronics with no time jitter were used. This ideal value g^2\0) = 0.179 ± 0.003. 
The remaining discrepancy between the minimal achievable g(2\0) and 0 can be 
attributed to experimental imperfections such as dark counts of the SPADs and the 
parasitic fluorescence of the surrounding host material, whose count rate for the set 
excitation power is Ch o s t ~ 1 kHz, based on the measured saturation plot shown in 
Fig. 4.1. Nevertheless, the measured value is considerably below the threshold of 
0.5 and it is therefore confirmed that only a single molecule emitting non-classical 
antibunched photons was present in the experiment. 

Time delay [ns] 

Figure 4.4: The second-order correlation function of the fluorescence signal emitted 
by a terrylene molecule embedded in p-terphenyl crystalline host under continuous 
laser illumination with the power of 33 uW measured using the H B T setup and a fit 
to the data (red curve). The significant dip reaches the minimum value of 0.25 for 
zero time delay and confirms the non-classical nature of the detected signal, which 
conclusively originates in a single molecule. 
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Chapter 5 

Conclusions and outlook 

The work presented in this thesis has focused on the construction of a fluorescence 
microscope with the aim of obtaining non-classical light emitted by a single molecule. 
The steps taken for this purpose include the microscope design and construction, 
sample preparation and fluorescence characterization. 

First, general theory of single-molecule fluorescence was introduced. For practi
cal usage of single molecules in experiments such as ours, they need to be combined 
with a host. Overview of the chosen terrylene molecules together with p-terphenyl 
as the host is followed by the sample preparation procedure involving spin coating, 
which is capable of creating a thin film of the solution on the glass coverslip. De
tailed description of all the crucial steps of the fluorescence microscope construction 
is provided in Chapter 3, starting with the general design and diving into more detail 
by discussing individual optical components. The building process and alignment of 
the whole setup are covered and two different regimes of operation are mentioned. 

The final chapter examines the fluorescent light emitted by terrylene molecules. 
The count rate was measured in dependence on the excitation laser power and 
saturation behaviour was observed. The saturation count rate and saturation in
tensity for the particular molecule were concluded to be = 14 ± 4 MHz and 
Is = 588 ± 141 uW from the fitting curve. Spectrum of the single-molecule fluores
cence was also shown. The crucial result of the thesis is the second-order correlation 
function g(2\r) measured by the means of Hanbury-Brown and Twiss experiment. 
Its minimum value at a zero time delay r is found to be g{2)(0) = 0.25. The stan
dard deviation of the used detectors and electronics time jitter determined from 
the fitted curve is a = 0.60 ± 0.03 ns. If the SPADs and T D C were ideal and 
had no time jitter, the minimum achievable second-order correlation function value 
would be g(2\0) = 0.179 ± 0.003. Both the measured convolved and the minimum 
achievable value of g(2\0) clearly suggest that the fluorescent light present in the 
experiment exhibits antibunching behaviour. This finding provides an evidence for 
the single-photon nature of the emitted fluorescence and supports the suitability 
of the terrylene in p-terphenyl system as a single-photon source for applications in 
quantum optics and quantum information processing. 

The fluorescence microscope for single-photon emitter imaging is rather a recent 
project of the Quantum Optics Lab Olomouc (QOLO). The experimental setup 
presented in this thesis was the first iteration, which led to successful demonstration 
that the microscope is capable of fluorescence imaging and of achieving non-classical 
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single-photon signal, as evidenced by the measured g^2\r) function. There were, 
however, several drawbacks to it, which we are now aiming to overcome with a new, 
rebuilt setup with a slightly different layout in order to make a better use of the 
available space. The first shortcoming to mention that was fixed while building the 
new setup is a control of the excitation laser power at the input of the experiment. 
Since the laser light was outcoupled directly into the setup at first, it was only 
possible to regulate the power by the N D filters with different optical densities or 
directly in the control software of the laser, which the manufacturers do not generally 
recommend as the laser should be running at a constant power for some time to 
ensure optimal operation. Therefore, in the new setup, a power-control block based 
on a combination of HWP, Q W P and a linear polarizer was added before the beam 
enters the microscope setup, which allows for a continuous and precise adjustment 
of the laser power. Moreover, the standard mirror placed at 45° angle under the 
microscope stage and reflecting light up into the objective was substituted with a 
mirror of the same properties, but with 1.5 inch diameter to assure that no signal 
both from the excitation and fluorescence is lost. The 45° mount was also replaced 
with a custom robust mount from stainless steel. 

In the future, further possible enhancements lie in employing a pulsed laser 
rather than the continuous one for the single-photon source to be deterministic, 
which cannot be achieved under a continuous illumination. Furthermore, it would be 
interesting to investigate the behaviour of other fluorescent molecules in various host 
materials and under different conditions. A diamond crystal containing nitrogen-
vacancy centres has already been acquired, as well as anthracene as an alternative 
host material for terrylene molecules. 

The current goal is to improve the second-order correlation function and bring 
the value of # ( 2 )(0) even closer to zero, as well as perform more complex analy
sis and detection schemes on the fluorescence signal in order to study its photon 
statistics. The statistical and correlation measurements can yield information use
ful for utilizing the molecules as sensors, which is challenging at room temperatures 
and therefore provides room for novel research potentially leading to wide range of 
applications which are now limited to cryogenic temperatures. 

Last but not least, the limits of imaging resolution can be pushed further and 
the molecules could also serve as point sources for optical systems testing, as the 
single molecules are as close to an ideal point source as practice allows. 
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