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Abstract
Quantum dots (QDs) have a range of unique properties making
them interesting for many photo-physical applications. Their use
as fluorophores for super-resolution microscopy is one of the poorly
explored areas of research so far. Here I present an investigation
of photo-physical properties, namely fluorescence lifetime characteristics and stimulated emission, important for the use of QDs in
already widespread as well as future super-resolution microscopy
techniques. Time-correlated single photon counting is used to investigate how fluorescence lifetimes and related parameters from
two different decay models are affected by the excitation light intensity. This is built upon a previously presented model suggesting
higher exciton energy level interactions at higher excitation intensity and thereby predicting a dependence. I show that the lifetime parameters of QDs in the green-to-orange spectra are significantly affected by the excitation light intensity and more greatly
affected by STED illumination. Furthermore the QDs are tested
in a STED environment with 592 nm STED light and the resolution improvement following an image subtraction approach is
analyzed. I show for the first time continuous wave STED imaging
of QDs with a spatial resolution improvement higher than twofold,
using QDs with a narrow emission spectra centered around 580
nm. This proves that QDs has potential to be more widely used
as fluorescent labels for STED microscopy in life sciences and that
novel super-resolution microscopy methods relying on excitation
intensity dependency are viable.

Sammanfattning
Kvantprickar (QDs) besitter en mängd av unika egenskaper som
gör dem intressanta för många fotofysikaliska tillämpningar. Deras användning inom superhögupplöst mikroskopi är dock ännu
ett dåligt utforskat forskningsområde. Jag presenterar här en
utredning av fotofysikaliska egenskaper såsom fluorescenslivstider
samt stimulerad emission som är viktiga för potentiell användning av kvantprickar i redan utbredda samt framtida superhögupplösta mikroskopitekniker. Tidskorrelerad enskild fotonräkning
(TCSPC) används för att undersöka hur fluorescenslivstider och
relaterade parametrar från två olika sönderfallsmodeller påverkas
av intensiteten av excitationsljuset. Detta bygger på en tidigare presenterad modell som föreslår interaktioner i högre energinivåer för excitoner vid kraftigare belysning med excitationsljus och därmed förutspår ett beroendeförhållande. Jag visar
att fluorescenslivstider och relaterade parametrar för kvantprickar
som emitterar i det gröna till orange spektrumet påverkas signifikant av intensiteten av excitationsljuset och påverkas än mera
av STED-belysning. Dessutom undersöker jag hur kvantprickarna
beter sig i en STED-miljö med 592 nm STED-ljus och jag analyserar upplösningsförbättringen efter en bildsubtraktionsmetod.
Jag visar för första gången att CW STED-mikroskopi av kvantprickar kan leda till en mer än tvåfaldig upplösningsförbättring,
genom att använda kvantprickar med ett smalt emissionsband centrerat runt 580 nm. Detta påvisar att det finns potential att
använda kvantprickar mer som fluorescensmarkörer för STEDmikroskopi inom livsvetenskap och att det är möjligt att introducera nya metoder inom superhögupplöst mikroskopi som bygger på
ett beroende av intensitetsnivån av excitationsljuset.
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Chapter 1

Abbreviations
QDs - Quantum Dots. Semiconductor nanocrystals with discrete energy levels
that can be used as fluorophores.
STED - Stimulated Emission Depletion Microscopy. A prominent super-resolution
microscopy technique relying on switching fluorophores between ON and OFF states
through illumination with a doughnut-shaped depletion beam.
APD - Avalanche Photodiode. Highly sensitive photodetector and semiconductor
analog to photomultiplier in the sense that they provide an initial gain of the photon signals they detect.
SPAD - Single-photon Avalanche Diode. A type of single-photon sensitive APD
specifically designed to operate in what is called the Geiger mode, i.e. operating
with a reverse-bias voltage far above the breakdown voltage.
PSF - Point Spread Function. A way of characterizing an imaging system by
describing the response to a point object, for fluorescence microscopes commonly
using sub-resolution reflecting objects such as gold beads.
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Chapter 2

Introduction
Light microscopy methods have been around for a long time, with the first optical
microscope of similar shape and form to the ones seen today developed already
in the 17th century. Ever since the first microscope spatial resolution has been
gradually increased, eventually reaching what was thought to be the resolution
limit for light microscopes. This limit was well-described in the diffraction theory
of physicist Ernst Abbe [1]. Following this theory, a focused beam of light cannot
be confined into a size smaller than
d=

λ
,
2N A

(2.1)

where d is the radius of the focus, λ is the wavelength of the light and NA is the
numerical aperture of the system. This limit was also practically reached and held
until the very end of the 20th century, when ingenious new types of light microscopes began to be developed, utilizing fluorophores in various states through both
deterministic and stochastic means [2, 3, 4, 5, 6]. Even though the diffraction limit
is still a physical limit for light microscopes and the diffraction of light, higher
spatial resolutions is reached by controlling the light emitting ability of molecules
in both space and time. Today it is possible to optically control the fluorescence
emission of molecules by switching them between ON (fluorescence emission) and
OFF (non-detectable) states. Thus, a proven spatial resolution on the nanoscale
(10-50 nm) and even theoretically unlimited resolution can be achieved even with
an excitation beam size that is diffraction limited. All while developing these new
microscopy techniques, which depend on switchable states of the fluorophores, the
development of new fluorophores has become a field of ever increasing importance.
Novel fluorophores can help increase the quality of images by showing favorable
properties such as high photo-stability, strong brightness and long lifetimes. Modifications of already used fluorophore types is common, but perhaps more interesting
is the emergence of completely new types of fluorophores. One example of this are
the nanosized semiconductor particles known as quantum dots, which possess all
the aforementioned qualities. To increase the possibility to use new type of fluo3
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rophores like quantum dots for a scope of applications photophysical characterization is crucial. Without a thorough understanding of the physical processes behind
the fluorescence one goes blind towards the applications, something that with all
certainty would not yield optimal results.
In this thesis focus was put on the fluorescent decay process of quantum dots and
more precisely their lifetimes and connected parameters. The decay has been shown
to be affected by various environmental variables, such as calcium ion levels in the
solvent [7], and there has been models suggesting that it also might be affected
by the excitation intensity levels [8]. In this thesis I investigated the fluorescence
properties and in particular the fluorescence lifetime decay in the whole power range
of the excitation beam, from nW to mW. Furthermore STED imaging is an area
of research that has come far in terms of applications, however it has mostly been
connected to more conventional fluorophores such as fluorescent proteins and dyes.
Quantum dots have been proven to work for STED imaging, even though the ones
used have either been heavily modified [9, 10] or far into the near-infrared spectrum
[11]. The second part of this thesis discuss the use of bluer and non-modified QDs
for STED imaging, which was successfully done utilizing the same type of QDs
as for fluorescence lifetime decay experiments. Lifetime properties affected by the
STED beam was also investigated, with the idea of possibly combining the two for
novel imaging techniques in mind.

Chapter 3

Background and theory
Quantum dots (QDs) and their special properties, owing to their unique atomic
composition and size, have long been interesting for a vast variety of applications.
However, even though extensive knowledge about their photophysical properties
exist today, certain areas are still left to explore deeper. Investigations of these
properties are therefore an interesting subject that may lead to emerging applications, some of them where QDs might prove useful are the many branches of superresolution microscopy. The combination with techniques such as stimulated emission depletion (STED) microscopy is highly interesting and an emerging field, while
stochastic approaches such as STORM and PALM already have shown promising
results. Imaging schemes that especially may benefit from specific properties of
QDs is long-time or time-lapse imaging thanks to the excellent property that is
slow photobleaching, and stochastic imaging approaches such as STORM when it
comes to the the blinking of the nanocolloids, an intrinsic property not yet fully
understood despite countless investigative characterization attempts. QDs have
potential to advance the field of super-resolution by providing images with higher
contrast and spatial resolution, thanks to their outstanding brightness and photostability compared to fluorescent proteins and organic fluorophores.

3.1
3.1.1

Quantum dots
Structure

QDs are nanocrystals made out of semiconductor materials, and can take various
shapes, compositions and sizes. Example of shapes include pyramid- or cone-like
structures on a substrate surface, however the QDs used for fluorescence microscopy
are without exception spherical, free-standing particles. The core of the spherical
QD is the most interesting when it comes to the photophysical properties, since
that is mainly where the electron transitions occur. It is also the only part needed
in a QD, however for it to have any practical applications some additional layers
have to be added. Mono-layers of a protective shell is the first addition commonly
5
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used. This shell serves to better confine the excitons by introducing a material of a
bigger bandgap, as well as to protect the core from degradation processes otherwise
likely to occur, such as photo-oxidation. It may also increase the quantum yield
since it passivates recombination and trapping sites at the surface which has a
non-radiative nature [12]. After the shell coating a number of modifications can be
made including an important for applications in fluorescence microscopy; antibody
attachment. Among the huge range of other modifications certain surface molecular
additions regulating the solubility in different liquids is worth mentioning. For the
QDs used in this thesis they were all produced in-house and in a chloroform-soluble
form. Thus for bioimaging purposes, modifications to make them water soluble are
crucial. One should keep in mind that surface modifications like these may change
the photophysical properties in various ways.
As for the materials used there are many possibilities. Thus far CdSe and CdTe
for the core composition are the most eminent contenders for life science applications, originally used owing to their good properties for preparing QDs with desired
optical characteristics [13]. They are still the most used, although more controversially since they can exhibit cytotoxic effects upon release of cadmium ions [14, 15].
Materials lacking the possibly toxic constituents and are available commercially for
similar applications include InP and InGaP [13]. Among shell materials there are
two commonly used compositions, namely ZnS and CdS, although this composition
is arguably not as crucial for the photophysical properties as the core material.
However, the shell and its constituting materials can hinder most of the cytotoxicity by preventing cadmium ion release [14, 15], although some effects can still occur
due to the sheer size of QDs.

3.1.2

Properties

The range of special properties of QDs, that make them differ from bulk material
of the same composition, can be made into a long list and owes to the nanometric
size. The properties concerning the photophysics of the QDs are both positive and
somewhat problematic. QDs have many properties where they excel over any other
material known for a variety of applications, however there are also limitations
that need to be controlled in some manner for practical use. Some properties
like blinking have thought to be inherently unpractical, only causing problems for
various applications. However, further investigation has proven even this perhaps
seemingly least favorable of properties to be of practical use [16, 17]. Even though
the blinking behavior is not completely charted as mentioned, it is evident that a
complete understanding of the photophysical nature of QDs on a quantum level
is crucial for emerging applications; in order to characterize what can be seen but
ultimately to manipulate and adapt the QDs for specialized applications. That
this has not come further along is perhaps surprising considering QDs were first
discovered in 1981 and their size dependent energy levels first described in 1984
[18, 19].
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Starting with the favorable properties the photophysical stability of QDs has
continuously been acclaimed as one of the most important characteristics of QDs.
In the light of super-resolution microscopy it is perhaps the most sought-after property. Where dyes and fluorescent proteins photo-bleach easily after a relatively low
number of photon absorption/emission cycles, QDs have shown to exhibit constant
fluorescence intensity for up to at least thousands times more cycles [20]. The stability increase the number of possible uses of QDs for microscopic purposes and
moreover increase the possible applications for the techniques themselves by opening up new imaging schemes such as long-time time-lapse imaging which is difficult
with more easily bleaching fluorophores.
Regarding the absorption and emission spectrum of QDs there is a large Stokes
shift, as visible in figure 3.1, often regarded as a nice property since it allows
for completely separate wavelengths for excitation and detection and thus avoiding
most crosstalk. However it is important to note that QDs have a high quantum yield
and a long tail of the excitation spectra often stretching into the emission spectra; as
small as the absorption efficiency may seem there the quantum yield together with
the tail can cause problems. In addition to the large shift the emission spectrum is
often narrow while the width of the excitation spectrum is large, with absorption
and therefore excitation increasing further down on the wavelength spectrum. The
broadness of the typical excitation spectrum shown in figure 3.1 is an advantage
in many situations, since it makes finding a suitable excitation laser simple and
enables tuning of the absorbance to a desired value. However, it can also cause
problems for different applications. For STED imaging, the aforementioned tail of
the excitation spectrum cause problems in the sense that excitation by the STED
beam will occur due to the necessary overlap of the STED beam with the emission
spectrum. For multi-fluorophore applications it can also be problematic due to the
spectral crosstalk it will cause. Sequential excitation or read-out will be difficult
since the excitation spectra for different QD-types inevitably overlaps. However
there is also potential for applications utilizing this where simultaneous excitation
and spectral read-out can be performed, followed by simple analysis of the acquired
data separating it into individual emission spectra [21].
Blinking, or fluorescence intermittency, is an interesting property of QDs and
other fluorescence emitters; close to all known fluorophores undergo transitions to
dark states for various amounts of time. The underlying physics of this property are
not completely understood, despite its easily observable nature and over 20 years
of continuous research on the subject. One of the most widely accepted theories
relies on so called dangling bonds. Due to the inherently small size of a QD, the
surface will often be filled with dangling bonds, or unpaired valence electrons. This
is a property which is suspected to alter the photophysical performance of QDs,
by trapping excited electrons or holes at the surface and leaving the core charged
through what is called an Auger ionization event. These trapped electrons have
a much longer lifetime than the normal fluorescence lifetime, and will not fuel
fluorescence when falling down to the ground state. Since the core is left charged it
also blocks any further excited excitons from emitting fluorescence, since those will
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Figure 3.1: Important properties of QDs A brief summary of the structural and
spectral properties of QDs. (a) A typical schematic structure of a core-shell QD. (b) The
energy levels and electronic transitions of a QD presented in a Jablonski diagram. (c)
Typical excitation and emission spectrum of a QD. The emission spectrum is a Gaussian fit
of the emission measured for the 580QDs while the excitation spectrum is what a typical
excitation spectrum for QDs of this emission wavelength would look like. The vertical
lines represent the excitation and STED laser wavelengths.
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combine rapidly through Auger-like relaxation which is inherently non-radiative.
Emission continues to be effectively quenched until the QD once again returns to a
neutral state when an external electron once again is absorbed [22, 23]. This model
has been a stepping stone for many other perhaps more sophisticated models over
the past decades, none of which has managed to explain all phenomenons around
the blinking collectively. Regardless of the exact reason for the periods spent in
the meta stable dark states, there are certain ways to counter it. Modifications
to the surface can help block the suspected passageways for the excited electrons
and a shell is especially helpful in reducing the time spent in the off-state; it will
naturally eliminate any dangling bonds at the core surface, leading to longer time
spent in the on-state [8, 12].
In the past 20 years QDs have emerged as one particularly exciting contender in
label technology for life sciences, but not without controversy. As mentioned, QDs
have interesting and as mentioned unique properties, optically and chemically. The
chemical properties however have been at the core of the controversy surrounding
the biocompatibility of QDs, specifically the intricate surface chemistry and huge
surface to volume ratio that both allows for interesting labeling approaches as well as
being potentially harmful. The harmfulness is nothing unique for QDs but is part of
the quantum size effects observable in all nanomaterials and the severity is obvious
from the newly spawned area of research dubbed nanotoxicology. As ominous as
it may seem the possibilities for nanomaterials are still enormous and ways to
counteract the toxicological effects will continue to be found. As for the optical
properties QDs are easily modifiable since as mentioned a given core composition
can give QDs of widely varying emission wavelength maximums solely by changing
the size of the core. This unique property is also one of the most attractive of
QDs, allowing for tailored excitation and emission spectra. Organic dyes can also
be made of varying emission maximum, however it takes rather elaborate processes
where one must know how the properties change with structural reformations for
the specific type of dye.

3.2

Fluorescence lifetime

The fluorescence lifetime decay is one of the most important characteristics of a
fluorophore in the field of fluorescence microscopy. A fluorescence decay curve can
take different shapes depending on the fluorophore in use. For many fluorophores
a simple mono-exponential function often fits the decay good and is well-explained
by a two-level physical model. At the time of the laser pulse, assuming it takes the
ideal shape of a temporal delta distribution, fluorophores get activated to the sole
excited state. Then, the excited fluorophores start to fall down to the ground state
and fluoresce. This happens stochastically with a certain possibility corresponding
to a characteristic lifetime, i.e. the time it takes for the fluorescence intensity to fall
down to 1/e of its original value. For certain fluorophores, specifically of interest
here is QDs, the decay cannot be described by a simple mono-exponential curve,
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due to the fact that a more complicated energy structure than the two-level scheme
exists. Instead the decay can at times be described by multi-exponential functions
such as a bi-exponential model [7],




t − t0
t − t0
+ A2 exp −
.
(3.1)
F (t) = F0 + A1 exp −
τ1
τ2
Even that is seemingly not always enough, and QDs have recently been suggested
to follow a more sophisticated model, due to their intricate higher energy levels
structure [24].
In the latter model the decay is split up into two different decay models; one
mono-exponential part for the short-time regime a couple of nanoseconds after the
initial peak,


t − t0
F (t) = F0 + A exp − 0
,
(3.2)
τ
and one part in the long-time regime after 50-60ns that has an inverse-square dependence on the elapsed time, i.e. a power law dependence,
F (t) =

β

2.

(t + a)

(3.3)

Practically these two regions are easily found by plotting the fluorescence decay
curve on a logarithmic and inverse-square-root plot respectively, on which the regions will be seen as linear. The time points for when these regions start and
end are of course dependent on the type of QD and its photophysical properties.
The physical reasoning behind the model is that the exciton energy levels can be
split into three; two single states in the vacuum state and ground conduction band
sublevel and a group of states that can be called higher excited states which are
all higher conduction band sublevels. By using previously known three decay rate
equations, one for each of the levels, which utilize the Pauli exclusion principle,
and simulating the resulting decay processes one can arrive at equations (3.2) and
(3.3) [24]. The short-time decay has a lifetime that is dependent on both the decay
process down to the ground excited state and the latter fluorescence decay recombination of the exciton. However when a negligibly small amount of excitons are
in the higher excited states, the equation system of three can be reduced to two
equations and from there one arrives at (3.3).

3.3

Super-resolution microscopy

Super-resolution microscopy denotes any light microscopy technique that allows
for images with a higher spatial resolution than the Abbe diffraction limit, which
was long thought to be the absolute physical limit of light microscopy since the
publication of Abbe in the late 19th century [1]. The first idea to break the limit
of the depth of focus was put forward in 1978 [25]. Following the 1986 patent of
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super-resolution microscopy based on stimulated emission [26], the field started to
widen in the 1990s with many new ideas of possibilities to break the diffraction limit
presented and practically shown. One of the more popular methods is STED which
was developed and experimentally demonstrated in 1994 and 1999 respectively, by
the later Nobel Prize winner Stefan Hell, at the time unaware of the earlier patent
[2, 3, 27]. In the 2000s up until today the field of super-resolution microscopy has
grown more so, and it is expected to continue to gain popularity thanks to its many
practical applications in biology, biophysics and pharmaceutical research already
shown among other fields where the applications are yet to be completely explored
such as medical imaging.

3.3.1

Stimulated emission depletion microscopy

STED is a super-resolution technique that has continued to gain popularity over the
20 years since its first development in the 1990s and is perhaps the most well-used
method to break the diffraction limit as of today. It is, like all super-resolution
methods, based on the idea that fluorophores can be switched between different
fluorescent and non-fluorescent states. For STED this is realized as a confocal microscope setup with the addition of a longer wavelength and higher intensity, as
compared to the excitation beam, doughnut-shaped second laser beam concentrically overlapping the excitation beam. This second beam, CW or pulsed, de-excites
the already excited fluorophores down to their ground state through stimulated
emission; a process which generates a second photon identical to the incoming
photon. Ultimately this selective deactivation leads to a laterally smaller effective
excitation point spread function, still centered around the same point, and hence
an increased resolution. By reading this information sequentially in time and spatially an image is acquired. The success of this method heavily depends on the
photophysical properties of the fluorophores; how efficient is the induced stimulated emission compared to competing processes such as fluorescence emission and
photo-bleaching. Inefficient stimulated emission of the fluorophores located in the
periphery of the focal spot clearly hinders the spatial resolution improvement of the
resulting image. However, stimulated emission is a quite universal process across
the different types of fluorophores, although more or less effective, making STED
super-resolution microscopy attractive for many different applications.
The point spread functions (PSF) of the excitation and STED beam are shown
in figure 3.2. The STED beam, or depletion beam, has a central zero where the
previously excited fluorophores are left to fluoresce, while the doughnut-shape immediately depletes the fluorophores that are illuminated with both beams, i.e. the
overlapping part of the two beams. It is important to remember that this central
zero is also diffraction limited in size. With this in mind it is easy to realize that if
the depletion process would have been a linear process the resolution improvement
would be minimal. Luckily, the stimulated emission depletion is a non-linear effect,
meaning that the amount of depletion is not linearly dependent on the STED beam
power. Hence, even with a diffraction limited zero, it is possible to gain better and
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better resolution with increasing STED power, as long as the central part of the
doughnut is a true zero. The resolution of a STED image can be described by a
modified version of Abbe’s equation:
d=

λ
q
2N A 1 +

,

(3.4)

I
Isat

where I is the STED intensity and Isat is the saturation intensity, which is dependent on the fluorophore and laser wavelength and is defined as the intensity where
the probability of the fluorophore to emit fluorescence from the excited state is
reduced to 50% [28].

Figure 3.2: Point spread functions of excitation and STED beams. The PSFs of
the 473 nm excitation and 592 nm doughnut-shaped STED beam are measured through
the reflection from a gold bead sample. (a) The confocal, excitation PSF in an XY-scan.
(b) The confocal, excitation PSF in an XZ-scan. (c) The STED PSF in an XY-scan. (d)
The STED PSF in an XZ-scan. The scale bars are 500 nm, where the one in a) applies
for a) and b) while the one in c) applies for c) and d).
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3.3.2

QDs in super-resolution microscopy

Usage of QDs as fluorophores for super-resolution microscopy was shown only recently in the work of Hoyer et al. in 2011 [16] and moreover by Hanne et al. in
2015 [11]. The hitherto small spread of this combination owes to multiple reasons.
Mainly the need of a better understanding of the unique photo-physical properties
of QDs combined with the development of advanced optical microscopes. Also consider that the fields are relatively new by themselves and their combination even
more so. For example in Hoyer et al. 2011 [16], QDs was used in a new way with the
technique called GSDIM, or dSTORM. The blueing property of QDs was utilized,
i.e. the fact that steady illumination leads to photo-oxidation of the QD core and
hence reduction in size and blue shift of the emission maximum. Stochastic images
could hence be obtained by imaging purely in a bluer part of the spectrum than the
original emission in the red. Their imaging wavelength range was also relatively
small and thus only a small part of the QDs in the sample were imaged at the same
time, since the rate of blueing was non-uniform throughout the QDs and not all of
them emitted in the detection window at the same time.
The biggest problem for STED microscopy is that commonly used STED beam
wavelengths overlap with the extremely broad excitation band of QDs. The possibility to use a STED approach diminishes if the QDs that are supposed to undergo
stimulated emission are excited by the same beam. However, this has been overcome by utilizing a STED beam in the near-infrared (775 nm), 70 nm above the
emission maximum of the QDs used [11]. The wavelength still overlaps with part
of the stretched QD excitation tail, however the caused excitation is mostly outrivaled by the stimulated emission effect and the remaining excitation is tackled
in a novel way. By subtracting an image taken with only the STED beam Hanne
et al. could see a clear fourfold improvement from the confocal resolution down
to about 54 nm for a QDs-in-solution sample. In this thesis I will present data
suggesting the potential of different types of QDs as fluorescent markers for STED
microscopy. In particular, I will extend the Hanne approach to the bluer part of the
emission spectrum by taking advantage of QDs with emission in the range of 500600 nm. Moreover, the combination of STED microscopy with blue QDs enabled
the possibility to resolve single particles from clusters even in crowded environments. Finally, I have shown for the first time CW STED imaging of QDs with a
spatial resolution improvement higher than twofold. The fact that CW STED is
less costly and easier to implement compared to pulsed STED makes our approach
more versatile.

3.4

QD state transitions and fluorescence lifetime decay

It has been theorized and experimentally shown that the blinking behavior of QDs
is dependent on external factors such as the excitation power [8]. According to
Li et al. the three-step excitation-to-emission model; excitation from ground valence band to a higher excitation state in the conduction band, non-radiative and

14

CHAPTER 3. BACKGROUND AND THEORY

quick decay down to the ground excited state and lastly fluorescent decay down
to the original ground state in the valence band, is not a complete explanation of
the fluorescent behavior of QDs. In the commonly used model the incoming photons are only involved in interband excitation events, while the new addition to
it propose subsequent intraband excitation behavior, where a secondary incoming
photon can excite the already excited and intraband-decaying electron into even
higher excitation states. This process would naturally be power-dependent as a
higher flux of photons means shorter time between two excitation events. For sufficiently high powers the average time between two incident photons for a single QD
is in the same time range as the non-radiative decay down to the ground excited
state, namely tens of nanoseconds. Theoretically the intraband excitation process
can repeat indefinitely at sufficiently high excitation power and with the exciton at
higher excited states the exciton recombination and hence fluorescent decay is prevented. While this was shown to affect the blinking behavior, leading to flickering
without distinct on and off states instead of well-defined on-off-blinking, the model
suggests that also the lifetime of the QDs should be affected by these variations
in excitation power. By exciting the excitons into even higher excited states during the inevitable temporal width of the pulse the now longer decay process down
to the ground excited state, containing additional relaxation steps, will prolong
the lifetime of the fluorescent decay. It is worth remembering that the intraband
non-radiative relaxation processes take place on the order of picoseconds and assuming a correct model the potential effect on the lifetime should then be a few
orders of magnitude bigger than that, taking into account the increasing amount
of relaxation processes necessary.
The lifetime properties of fluorophores has been used in various light microscopy
approaches to select different types of molecules, to gain information about the local
environments or even to obtain high contrast images in STED microscopy. The so
called gated STED microscopy uses differences in fluorescence lifetime induced by
the STED microscopy configuration to differentiate between fluorophores which
efficiently interacts with the STED beam and centrally located fluorophores which
interacts solely with the excitation beam [29, 30]. Gating the detection and thus
rejecting the quickly emitted photons from fluorophores having interacted with
the STED beam leads to a higher contrast and better spatially resolved objects.
A good experimental understanding of the fluorescence decay behavior is thus of
great interest. QDs have been far from popular with STED microscopy due to the
limitations explained above, however their high photo-stability is of highest interest
for the field. Being able to get more photons out of a single fluorophore is appealing
since it can be beneficial for tasks such as looking at a structure over a longer time
or looking at single molecules, while it can also prove useful to improve the overall
spatial resolution by allowing for a higher STED power to be applied. Thus, QDs
could open up new possibilities for conventional and super-resolution microscopy
and their application to life sciences.

Chapter 4

Experimental work
The experiments performed can be split into two main areas; fluorescent decay
measurements with varying excitation intensity and STED imaging. The samples
used in the two cases were prepared in similar conditions and contained single
QDs in a solvent, depending on the type of QD, squeezed between a microscope
slide and a cover glass; the preparation of these is explained further on. The
fluorescent decay measurements were made as series where each image was taken
with a different power of the excitation laser, at a fixed frequency. All the images
in a series were taken on the same area of interest and were generally taken with
gradually increasing power at all times. Each of these images have a hidden fourth
axis representing the time after respective pulse, thus decay curves can be analysed
for single pixels, a collection of pixels representing for example a single QD or an
ensemble i.e. the whole image. These decay curves are generally exported, fitted
to different models and analysed in various ways. The end product can be plotted
as data series of fluorescent decay fit parameters, i.e. lifetimes and amplitude
coefficients, versus power, for various power ranges in the total power range of the
excitation laser used.
As for STED imaging the process follows a normal STED protocol, with a few
extra steps. An additional image for an area of interest and same power settings
is taken to the normal image where STED and excitation lasers are used simultaneously; the extra image is with only the STED laser turned on. This is done to
enable a subtraction of images, something that has proven necessary due to the
strong excitation even by the STED beam. This subtraction is done directly in the
image acquisition software and the process is explained later on.
In addition to the STED imaging I acquired the histogram of the photon arrival
time, which generates the fluorescence lifetime decay curve. This was done in
order to see if the STED beam had any effect on the lifetime decay of the QDs,
taking into account both the process of stimulated emission and re-excitation by
the STED-beam. However, since the 592 laser is CW it means that there will be
a constant baseline in the fluorescent decay curves that corresponds to continuous
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re-excitation. In the end this should mean that what is visible in the decaying part
of the curve should be the initially excited and subsequently stimulated emitted
QDs and thus the process of stimulated emission should mean significantly shorter
lifetime components after fitting with a baseline of the average measured signal in
the part of the acquisition window before the initial peak arrives. This analysis
and fitting is affected by the following factors; firstly the constant background
of STED beam re-excited QDs creates a very high noise level due to the high
power of the STED beam, even though the STED wavelength is at the far end
of the excitation spectrum tail. Furthermore this background is not a constant
value, due to the stochastic nature of the excitation, emission and detection, and
thus fitting with a baseline might not yield satisfying results as the low fluorescent
signal in the long-time range will easily be hidden in the bin-to-bin noise difference.
I minimized the contribution of the baseline error by subtracting the lifetime decay
data from a STED only measurement, following the same protocol as for the STED
imaging, followed by subsequent fitting with a baseline. However, the long lifetime
component might still be slightly affected due to the high noise level present after
subtraction. On the other hand, after subtraction I was able to measure and identify
the short lifetime component with high accuracy, as the signal for the short-time
regime is still significantly higher than the noise.

4.1

Microscopy setup

Three pulsed excitation lasers were used in the measurements; one in the near-UV
with a wavelength of 405 nm (Becker & Hickl BDL-405-SMC), one of wavelength 473
nm and one of wavelength 510 nm (both PicoQuant LDH Series). For the fluorescent
decay measurements the near-UV laser was used at a frequency of 20 MHz, while
the other two were used mainly at 10MHz or 40 MHz. This then corresponds to
acquisition time windows between the laser pulses of 25 ns, 50 ns or 100 ns. For
STED-imaging they were instead used at the highest possible frequency settings,
i.e. 50 MHz and 80 MHz respectively. The excitation power, as shown throughout
the thesis, were all measured before the image was taken at the frequency used
at the time in the back focal plane with a power meter. The pulse width from
both PicoQuant lasers is below 120 ps, while for the B&H it is 60 ps - 120 ps,
both depending on the output power. Moreover, a CW STED laser of wavelength
592 nm has been used for later measurements. Both for investigating the STED
effect on the QDs, as first reported for commercial and non-heavily modified QDs
in Hanne et al. 2015 [11], and also analyzing if the combination of an excitation
beam and the STED beam had any effect on the fluorescent lifetime, as opposed
to only using an excitation beam.
The fluorescent signal of the QDs was then lead through a band-pass filter chosen
specifically to let through as much emission of the type of QD in use as possible
while filtering out all stray light from lasers or other sources. Then, it was detected
with a single photon capable detector in the form of a single-photon avalanche
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diode or SPAD (PicoQuant τ -SPAD), connected through a NIM-output to a timecorrelated single photon counting or TCSPC module (Becker & Hickl SPC-830).
The dwell time on each pixel was varied between 0.1ms up to 6ms, meaning that
the laser pulses were cycled many times in order to get higher photon count per
pixel. This allows for the acquisition of an image of the total photon count for each
pixel, all while each count was assigned to a time bin inside the acquisition window
which normally was divided into 1024 bins. The number of bins used depend on the
time window, corresponding to the frequency of the laser, and the desired timing
resolution. Thus it is possible to get a time-resolved fluorescence spectrum of all
the counts inside a marked portion of this image, from a single pixel to the whole
image. It should be mentioned that practically the same acquisition process and
module was used for the STED imaging, with the exception that it was without the
time binning and hence it reaches a much quicker acquisition time for an image.
A schematic of the experimental setup including the detection, omitting beam
adjustment and alignment optics, is presented in figure 4.1. The objective lens used
was a 63x/1.4 oil objective (Leica), mounted just below a z-axis piezo controlled
stage. The fluorescent signal is led through the same objective and scanner, before
being separated by a dichroic mirror into the detection path. The detection and
data collection are described further in the next sections.

4.1.1

Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) is a technique used for measuring
the fluorescent decay of fluorophores, i.e. the decay of excited molecules down to
states of lower energy or vacuum states through processes that result in emission
of fluorescence, in the time domain. It should be mentioned that the fluorescence
decay can also be measured through other methods such as multi-frequency crosscorrelation phase-and-modulation, in other words in the frequency domain. That
technique involves exciting the fluorophores with a sinusoidal excitation beam, leading to a fluorescent decay of equal frequency. However the decay is both phaseshifted and demodulated due to the Stokes’ shift, leading to two observable parameters connected through a Fourier transform to what is directly found through
TCSPC; the lifetime and initial fluorescence intensity. TCSPC contains the steps
previously described, from the laser pulses to the assigning of a time bin for the
detected photon. The initially generated pulse is split into two where the first goes
through the microscope to the sample, while the second pulse is what is called the
sync and goes to the acquisition electronics. This lets you know exactly when the
pulse was sent and thus a time bin can be assigned to the detected photon when
that signal reaches the acquisition card. As mentioned the emission is detected by
single photon capable detector, a SPAD in this case however avalanche photodiodes
or a Geiger-mode photomultiplier tubes are commonly used as well. Both signals
passes through a constant fraction discriminator (CFD), an electronic device that
essentially finds the maximum of a pulse by finding its zero slope. It does this by
changing the positive peak signal to a signal with a negative and a positive peak,
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Figure 4.1: Schematic of the microscopy setup. A rough schematic drawing of the
microscopy setup, including the lasers, important optics, scanner, detector and TCSPC
module. The three different excitation lasers, all with their own laser driver, laser head
and initial optics in the setup, are pictured as a single laser driver and laser head. The
important optics drawn are PP: 2π vortex phase plate, DM: dichroic mirror, OBJ: objective
lens and BFP: band-pass filter. NIM is the intermediate NIM signal generated by the
detector and interpreted by the TCSPC module. The module labeled Optics are the
beam adjustment and alignment optics omitted in this schematic. The end product is an
image and a histogram of detected fluorescence events against time after the pulse.

where the change in polarity is at the position of a determined fraction of the initial peak value. Thus the exact detected time point of the initial peak will not be
dependent on the amplitude and rise time, as it would otherwise be, instead the
threshold will be dependent on the fraction of the peak value. This should remain
constant even for peaks of different amplitude as long as the detection peak shape
is kept the same, which is expected from the detector.
The next step in the signal processing consists of a time to amplitude converter
(TAC) plus an analog to digital converter (ADC). Both signals are connected to the
TAC, which is nothing else than a linear ramp generator. It starts at the time of
receiving the sync trigger and stops when the signal of the detected photon arrives,
both of which have undergone the CFD operation in order to increase the overall
timing resolution. The resulting voltage is then naturally dependent on the time
difference between the two signals and hence the time from excitation to emission
of the photon. The ADC subsequently translates this analog voltage to a digital

4.1. MICROSCOPY SETUP

19

voltage. These two functions are sometimes added together in one singular device,
a time to digital converter (TDC). Lastly the digital signal is assigned to a time
bin, adding 1 to that time bin in the final histogram. That then represent a photon
count of 1 for a certain decay time. Note that a constant change in arrival time for
either of the two pulses, sync or emission, through for example a change in beam
path length or addition of an extra cable, will not affect the final decay histogram
or curve other than shifting it as every single count is affected in the same way.

4.1.2

Instrument response function

The most important technical aspect of the whole imaging system is arguably the
instrument response function (IRF), which is measured as the output response from
a mirror or scattering solution sample when given a short input pulse. The output
response should ideally follow the input pulse very closely, however this is not the
case in real setups. There is always some form of broadening of the input, due to a
combined effect of how the excitation signal is transmitted to the sample and how
the detection signal is transferred. Oftentimes the limiting factor of the IRF is the
timing resolution of the detector which depends on the TAC, or time to amplitude,
converter as well as other circuitry in the detector unit. The actual width of the
laser pulses can also affect the total IRF in a sense that short lifetime events, in
the range of tens to hundreds of picoseconds, cannot be fully determined when the
individual fluorophores may not be excited at the exact same time. Of course, a
perfect delta pulse is not entirely possible either.
For analyzing the fluorescent decay data a deconvolution process was at times
deemed necessary after comparing original and deconvoluted data and measuring
the IRF, with the reason that the short-term decay component was too close in
lifetime to the width of the IRF and thus interfering with the fitting results. Some
variance in the IRF dependent on the laser output power was observed in the
extreme low and high parts of the power output range. However, the IRF should
not be and is not affected when using half-wave plates in the beam path to alter the
power, which was the preferred method. The IRF for the 473 nm laser is plotted in
figure 4.2 as well as along with the fluorescent decay curves presented in the results.
While a deconvolution process would be necessary to achieve qualitatively correct
fitting parameters at all times it is not completely crucial to achieve results that can
be compared to one another, since the IRF optimally remains constant and thus the
effect of convolution should not alter the measurement-to-measurement differences.
This is important in this case since some of the measurements presented was with
an acquisition time window and signal-to-noise ratio (S/N) too small to be able to
perform deconvolution with good results. In these cases the measured convoluted
data is used under the assumption that the results should still be comparable as
explained above.
In many cases the IRF is also rather thin compared to the actual fluorescence
decay of the fluorophore. When this is the case the IRF can be completely disregarded, since the true and the measured decay curve will not differ from each other
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noteworthy. However, when the measured IRF has a FWHM of around 1 ns and
the fluorophores seem to have a short lifetime component in the same time range,
this can be problematic. This was the case for a number of the QDs used here.

Figure 4.2: Instrument response function. The instrument response function as measured with the 473 nm excitation laser at moderate power with a mirror sample over a
time window of 100 ns. Plotted here is the first 25 ns.

4.2

Image acquisition, analysis and data presentation

The image acquisition process for all measurements started with the SPAD, from
which an output NIM signal was led to the TCSPC module. This is all schematically
drawn in 4.1. The software used to both acquire the images and do the necessary
first processing steps was for all purposes ImSpector, developed at the Max-PlanckInstitute in Göttingen, Germany [31]. To further analyze the images and data,
MATLAB was the software of choice. The analysis included fitting of curve data,
calculating lifetimes and amplitude coefficients, deconvoluting the decay curves and
fitting single QD profiles to calculate resolution improvements of STED imaging.
For the STED images they were both subtracted and subsequently smoothed using
the ImSpector software and its low-pass Gaussian filter. Regarding the fitting of
single dot profiles the line profiles were measured with the smart neighborhood
line profile mode with a width of 3 pixels in ImSpector, while the actual fitting
was done using various models depending on the imaging method, according to
previous literature. For confocal images a Gaussian model was used, while for
the subtracted STED images a Lorentzian model was used. The subtraction is only
made in order to cancel any direct excitation from the STED beam and hence these
images correspond to otherwise normal STED images, where a Lorentzian shape
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has been proven to be the best model due to the nonlinear nature of stimulated
emission. This has also been obvious when comparing Gaussian and Lorentzian
models for my data, which can be interpreted as a sign that stimulated emission
has taken place. Moreover the figures presented in this thesis were all generated or
modified in a combination of MATLAB, ImageJ and GIMP.

4.2.1

Fluorescence decay analysis

The fluorescence decay data was as previously mentioned fitted to various models.
From the three models presented in chapter 3.2 and plotted for example decay
curves in figures 5.2 and 5.3, the single exponential model was simply used early on
as a reference and first test while the two other models were both used throughout
the analyzing process; for some data both models could be used while for other
data only the bi-exponential model could be fully used as it requires less a shorter
acquisition time window. Initially the bi-exponential model seemed to be a good fit
for all data but after looking closer the residuals of those fits did seem to oscillate
more ordered than what one would expect from data following the model. The
Xu-model did in general seem like the best fit whenever possible, although the
bi-exponential model is used extensively throughout literature for QDs and serves
well as a model. However, while fitting the data and comparing the decay curve
to the IRF of the system, also plotted in figure 5.2 and 5.3, it was clear that the
short lifetime component present in both models in most cases was affected by the
convolution. The deconvolution process already mentioned and why it is deemed
necessary, to achieve qualitative results, for times when the IRF matches or is close
to matching the lifetime of the fluorophore is discussed in greater detail later on.
Following deconvolution whenever possible, the actual fitting could take place and
for this the models in 3.2 with additional constant background signal terms or
baselines are used. For the Xu-model the start and end points of the two models
are important, and these are found as described earlier; by plotting the decay on
a logarithmic and inverse-square-root plot respectively, while looking for the linear
regions. Where these regions are situated differed between the different QDs, since
the lifetime decay takes place at different rates. For the 565QDs, the initial monoexponential term this region was found to be around 5-15 ns, agreeing well with Xu
et al [24]. For the long-time component, which is only observable in measurements
with an acquisition window > 50 ns, the area of interest seemed to be at t > 60 ns,
once again in agreement with Xu et al [24]. This is as expected as these QDs are
produced in the same lab and are of the same archetypal structure. However, for
the 580QDs and the 605QDs these regions were found to take place at much earlier
times, with the short-time component as early as 1-5 ns.

4.2.2

Deconvolution

To understand why deconvolution is important to consider, one first has to understand how the IRF affects the measured curve; this is naturally where convolution
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comes into the picture. Ideally the excitation pulse would be a delta pulse, exciting
every fluorophore at the same time and only once. In reality the excitation pulse is
of a broader shape, often Gaussian, and thus all fluorophores will not be excited at
the same time, generating an uncertainty in the fluorescence decay that is of the size
of the excitation pulse. Moreover, the detection system is never accurate enough to
exactly pinpoint a specific time when the photon was detected which is described as
the timing resolution property. The combination of these effects are, as explained,
the IRF. How this affects the final signal can mathematically be described as a
convolution; the detected signal is a convolution of the ideal fluorescent signal with
the IRF. Understandably one can never measure the true fluorescent signal, but
rather have to trust and perform data analysis to get it. If one measures the IRF
and the detected signal, it can seemingly be trivial to get this true fluorescent signal through the inverse convolution, called deconvolution. The problem with this
is that a convolution is not a linear mathematical process but rather an integration
of pointwise multiplications of two functions, and thus there is mathematically no
defined function that can perform the reverse process.
Multiple approaches to tackle this problem and to reverse the effect of a convolution exist in the for of different types of algorithms, both for image processing
and as in this case signal processing. Upon noticing that the IRF had a size in the
range of the shortest lifetimes it was clear that deconvolution had to be applied
to get accurate results in terms of single lifetimes. In the end this was realized
through a MATLAB script, with the code presented in appendix A.1. In order to
optimize the deconvolution there are several parameters in the script which can be
tweaked, which depend strongly on the number of bins and binning size of the IRF
and original signal. For the deconvolution to work there are some important factors of the recorded signal to consider, where the most important one is the S/N.
In the fluorescence decay signal the noise can easily be identified as the average
signal before the initial peak from the actual pulse, i.e. the range where the signal
ideally should be zero. The reason why this is important to consider is the fact
that the detected signal is not simply the semi-ideal case of a convolution between
the IRF and the true signal; there is a second term added to the signal that is the
noise. With a S/N of 102 -103 the noise will cause a lot of problems when trying
to deconvolute the signal. However, with a carefully acquired signal with a S/N of
104 or higher no special care needs to be taken to the noise when deconvoluting as
this will only generate a minor to negligible error.
Many deconvolution algorithms are based on the fact that a convolution in the
time domain is simply a multiplication in the frequency domain. Thus, by Fourier
transforming the detected signal and the IRF, performing a division and then the
inverse Fourier transform of the resulting signal will generate a signal close to the
true one. The one used here take on a slightly different approach and relies on a
matrix inversion. It is worth mentioning that there are algorithms taking the noise
into account namely Wiener deconvolution, something that the algorithm here do
not do. The Wiener deconvolution is however mainly used for image deconvolution
where the frequency spectrum is more easily estimated. The algorithm used here
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was tested for several arbitrary but realistic multi-exponential signals, together
with Gaussian-shaped generated IRFs. The signal and IRF were convoluted using
the standard MATLAB convolution function, and then deconvoluted by the script.
The final signal could then be compared to the original signal and the results were
rather promising for the two interesting parts of the decay; short-time and long-time
regime, where there was a single dominating exponential term. In the middle area,
where the two bi-exponential terms are relatively evenly matched, the algorithm
seemed to struggle to recover the original signal. This should mean that where
the decay is dependent on a single term, as in the short-time regime and arguably
the non-exponential long-time regime in the Xu-model, the deconvolution seems to
work accurately. Hence, the Xu-model fitting performed after deconvolution should
be rather accurate, while the bi-exponential model might end up farther from the
true parameters in comparison.

4.3

Quantum dots

During the course of the project a range of various QDs were used, screening for
the best alternative in terms of photophysical properties for lifetime and STED
imaging with the particular microscopy setup used. Table 4.1 lists the QDs used
and presents a range of various properties such as structure, solubility and emission
wavelength. For the fluorescent lifetime decay measurements and STED imaging
not all of these were used and as will be clear in the results the focus was put on
three types of QDs; 580QDs, 605QDs and 565QDs. The most important property
for the measurements, and assuring an optimized setup, is the maximum emission
wavelength λmax . For STED imaging it is also important that the emission wavelength is on the blue side of and close to the STED laser wavelength used, 592 nm.
Hence, the 580QDs were an attractive choice and were chosen based on the compromise discussed later in chapter 6.2.1. Regarding the lifetime properties of the QDs
lifetime decay experiments are limited by the response times of the microscope and
detector, as lifetime components will be determined with higher accuracy if they
are longer than the detector response time and can be more or less obscured by
the timing characteristics if they are shorter than the response time. Moreover,
variations in the lifetime components must be longer than the response time of the
microscope, as determined from the IRF, to be measured at all. Hence, lifetime
decay experiments of the sort performed here are simplified by using QDs with
lifetime components that are as long as possible. The QDs analyzed in this work
were custom-designed and produced by the group of Ying Fu in the Cell Physics
unit at KTH-SciLifeLab.
The emission maximum and FWHM for the various QDs in table 4.1 were obtained from measuring the emission spectra. This was performed as initial characterization of the QDs in a confocal microscope (Zeiss LSM 780) capable of measuring
down to a spectral resolution of 3nm. The spectra averaged from around 10 single
QDs for the types mainly used for further measurements are presented in figure 5.1.
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Table 4.1: Utilized quantum dots. All the various QDs utilized during the course
of the thesis are here tabulated. For the shell structure the values in parenthesis is the
mono-layer thickness of the listed shell type. For the lifetimes the values are the results
of fitting with the bi-exponential model and are only reference values commonly observed
by using a moderate power of the excitation laser.
Name
605QDs
580QDs
565QDs
540QDs
590QDs
520QDs
600QDs
578QDs
575QDs

λmax
(nm)
605
585
565
540
590
520
600
578
575

FWHM
(nm)
30
30
40
30
35
45
30
40

Core

Shell

Solvent

BPF

CdSe
CdSe
CdSe
CdSe
CdSe
-

CdS(2)-ZnS(0.5)
CdS(1)-ZnS(1.5)
ZnS(1)
CdS(1)-ZnS(1.5)
-

H2 O
H2 O
CHCl3
H2 O
H2 O
H2 O
CHCl3
CHCl3
CHCl3

588/50
588/50
535/70
535/70
-

In the figure also the band-pass filters used for respective QDs are marked as the
colored area under the fitted curve. The fitted curve is a Gaussian, which is the
shape emission spectra from QDs usually undertake in comparison with the often
non-symmetrical counterpart of other fluorophores. While one would expect a very
narrow emission spectra from the well-defined and quantified energy levels in a QD
in reality there is broadening due to on- and off-resonance radiative recombination
processes [24]. The FWHM of the fluorescence emission spectra of the QDs are
here ranging between 30 nm - 40 nm, which is considerably narrower than most
other types of fluorophores.

4.4

Sample preparation

The samples were prepared onto microscope slides with a cover glass on top. The
QD solution, with either one of the QDs presented in table 4.1, was diluted in
different concentrations in respective solvent. Dilutions enabling observations of
single QDs was preferable in most cases. An amount ranging between 2 - 10 µl
was placed on the glass slides, different amounts at different tries to find the best
sample preparation process. The cover glass was subsequently either placed directly
onto the droplet, or the droplet was allowed to dry for a few minutes. The optimal
recipe to follow was to take 3 µl, place the cover glass directly on top and let it dry
under the cover glass. When most of the solvent had been allowed to evaporate,
leaving only the QDs stuck to the glass surface, the sample was sealed with nail
polish around the edges of the cover glass. The nail polish is allowed to dry, and
the samples are then ready to be used in the microscope. Not allowing the solvent
to mostly dry out under the cover glass often led to samples with diffusing QDs
not adhered to the glass surface and thus not possible to image. The samples have
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been kept at a cool temperature in a fridge and have shown no visible signs of
degradation over a time period of several months.
Optimally the single QDs would all settle down and adhere to the cover glass
surface and this was seemingly facilitated by letting the sample dry before sealing
as described. However, in most cases in both dry and wet samples QDs adhered
to both surfaces at different rates. To have QDs on both surfaces can generate
an out-of-focus fluorescence background, which decrease the contrast in the focal
plane of interest. The lifetime measurements were not affected by the fluorescence
background, while STED imaging of single particles was more sensitive.

4.5

Excitation lasers

It should be mentioned that only the 473 nm excitation laser was used for the fluorescent decay experiments presented here. The two other excitation lasers available
in the custom setup, 510 nm and 405 nm, were also used during the project. Looking at the excitation spectrum in figure 3.1 it is clear that a 405 nm laser at the
same power would increase the absorption and hence the following fluorescence signal of almost any QD, while the 510 nm laser would do the opposite. In order to
compare the QDs dependence on the excitation laser powers all the experimental
results presented here are using the 473 nm excitation laser. However, the other
lasers was used to compare and see if the excitation wavelength made any difference. Finally there were no observable variations in the experiments acquired with
different excitation wavelengths in terms of affected photophysical properties after
analyzing the fluorescence decays. The 405 nm laser gave higher signal for the same
power, as expected, and hence one could have used that for a larger effective power
range. This laser did however not have the same frequencies available and moreover
showed some troubling properties during the later parts of the project. While these
properties were mostly connected to unrelated methods, such as using an external
pulse generator to generate the laser pulses, it is not unthinkable that these problems extended over other properties as well. Hence the experiments using the 473
nm laser, which in itself did not show any problematic behavior, were chosen to be
representative and presented here.

Chapter 5

Results
Presented here are the results of the performed experiments, showing the characterization of the photophysical properties of several QDs in the green-orange emission
band. To do so I changed the wavelength and the intensity of the excitation and
STED beam. Different imaging settings were also chosen depending on the aim of
the specific experiment. What is presented here covers all the different properties
and results noted throughout all the experimental optimization.

5.1

Fluorescence spectrum

The first step was to determine the emission spectrum of the QDs, as a first characterization step and in order to know the exact emission of the QDs directly in
the measured sample and to be able to adapt the setup, mainly the detection
module with the band-pass filter, for the specific QD fluorescence emission band.
The resulting emission spectra of the three QD types mainly used for following
experiments are presented in figure 5.1. As visible the three types of QDs share a
similar shape of the emitted fluorescent photon color distribution; a Gaussian with
a FWHM of 30 nm, 30 nm and 40 nm respectively, properties they also share with
the rest of the QD types measured. The shape is consistent with literature and
the FWHM is as earlier mentioned substantially smaller than for most fluorescent
proteins and organic dyes. From this it was deduced what band-pass filters were to
be used for respective type of QD and this is also visible as the colored areas under
the Gaussians in the figure. Furthermore the STED laser line at 592 nm is shown,
and the position of this will be of importance later on.
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Figure 5.1: Fluorescence emission spectra of three selected QDs. From left to right
the type of QDs whose spectrum is presented here are 565QDs, 580QDs and 605QDs. The
data points are averaged over 10 QDs chosen from each image and the fitted curve is a
Gaussian. The width of the filled area underneath each emission spectrum represent the
band-pass filter used for the specific type of QDs and the colors are the color of the
emission from each type of QDs. The band-pass filters used are, in order, 535/70, 588/50
and 588/50. The solid orange line at 592 nm represents the wavelength of the STED laser.

5.2

Fluorescence decay

Firstly, example decay curves are presented in figures 5.2 and 5.3, with the lifetime
decay for 565QDs and 580QDs respectively. In these figures it is clear that the
565QDs have much longer lifetimes than the 580QDs. Moreover, the lifetime decay
of the 605QDs follows that of the 580QDs relatively closely in terms of shape and
lifetimes. The IRF is also plotted in these figures. Comparing the width of the
IRF to the 565QDs lifetime decay it is clear that neither lifetime component should
be affected noteworthy by the IRF. However, when looking at the 580QDs and
605QDs, the IRF is very comparable in width to the lifetime decay curve for t < 6
ns. Hence it is expected to affect the shorter lifetime component, and deconvolution
becomes more important.
Comparing the models it is clear that the mono-exponential is the least successful in accurately describing the lifetime decay. For the 580QDs this is very clear
already from the beginning and it never follows the actual decay throughout the
plotted 20 ns. For the 565QDs it is perhaps a bit more difficult to see, but zooming
in especially at the short-time but also at the long-time regime it is clearer. It also
oscillates between being above and below the decay curve between the zoomed-in
regions. Continuing with the 565QDs the bi-exponential and Xu-model seem to
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be very close in the interesting regions. First of all the bi-exponential seems to
accurately describe the decay over the whole range, although plotting the residuals
reveals a slight oscillating behavior, usually indicating that something is missing in
the model. The Xu-model seems to almost overlap the bi-exponential in the highlighted regions. In the short-time regime this is as expected, as it bi-exponential
should be dominated by the short lifetime exponential term and the Xu-model is
a mono-exponential in this region. In the long-time regime this is perhaps more
unexpected, but an inverse-square dependence and an exponential decay do tend
to the same shape further from the origin. For the 580QDs the two models once
again seems to overlap to a great extent, although the bi-exponential model seems
to follow the data more closely in the short-time region. This region is here from
1 ns to 5 ns as the overall lifetime decay is much quicker, meaning that also this
region happens at an earlier stage. The Xu-model seems to overshoot the data
slightly in this region. However, as discussed the IRF might be affecting this decay
curve, and perhaps that is an effect large enough to perturb the decay curve in
this region. With this in mind, telling which model follows the decay more closely
should be easier to spot in the slower decaying 565QDs.
With this knowledge, lifetime measurements acquired at different excitation
intensity in ranges from 50 nW to 450 µW were performed for each of the three types
of QDs presented above. Here the results from these experiments are separated
into the three different types of QDs. For each type of QD, measurements from a
lower and a higher part of the overall available power range is presented where the
excitation laser used for all measurements here was the 473 nm laser in order to
get a fair comparison. The acquisition window, i.e. the laser pulse frequency, was
varied between the different measurements; 25 ns for the 580QDs and 605QDs and
100 ns for the 565QDs. This leads to slightly different analysis from experiment
to experiment. The fact that the time windows are of different size should not
directly affect the comparative results from respective experiment, however it may
have some consistent effects on the acquired data which will be discussed later on.
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Figure 5.2: Comparison of fitting models for 565QDs. An example decay curve,
showing the general shape, taken from one measurement with 565QDs excited by the
473 nm excitation beam at 20 µW. (a) shows the complete fluorescent decay and the
three different fitting models; mono-exponential, bi-exponential and Xu-model split into
a short-time and a long-time regime component. (b) shows a zoom-in of the short-time
regime of 5-15 ns. (c) shows a zoom-in of the long-time regime of 60-80 ns.
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Figure 5.3: Comparison of fitting models for 580QDs. An example decay curve,
showing the general shape, taken from one measurement with 580QDs excited by the 473
nm excitation beam at 10 µW. (a) shows the complete fluorescent decay and the three
different fitting models; mono-exponential, bi-exponential and the short-time regime Xumodel. (b) shows a zoom-in of the short-time regime of 1-5 ns. (c) shows a zoom-in of
the long-time regime of 12-18 ns.
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580 quantum dots

The preparation of the 580 QDs was easy and reproducible. The QDs are very
bright and stable over a long period of time, as previously mentioned, even when
mounted on the cover glass. This makes it possible to image the same sample
for several days, weeks and even months, if conserved at 4 degrees. Figure 5.4
shows an experiment using the 473 nm laser to excite the QDs in a low power
range between 0 µW - 1 µW, with an acquisition window of 25 ns. The resulting
fluorescent decay curves are fitted by using two of the models described earlier; the
bi-exponential model and the Xu-model. As for the Xu-model the fit is only done
for the first mono-exponential part as the long-time regime was not recorded in this
experiment. As expected the Xu-model and bi-exponential follow each other closely
in these initial 20 ns, where the Xu-model is described solely by a mono-exponential
while the bi-exponential fit is dominated by the short lifetime term. The Xu-model
lifetime is also slightly bigger than the bi-exponential counterpart, once again as
expected as the Xu-model in this area just after the peak is modeling the same
curve as the bi-exponential with one longer lifetime component.
As shown in figure 5.4 the short lifetime component shows a weak dependence
on the power. This small change in the lifetime values is however only on the
size of 0.2 ns over this range of 0 - 1 µW. Thus, due to the broad IRF with a
width around 1 ns, it is difficult to draw any significant conclusions from this. It
is however clear that single QDs and clusters show very similar behavior. As for
the long lifetime component it is once again obvious that single QDs and clusters
follow the same pattern, hence there does not seem to be any extra energy-transfer
processes occurring among the clustered QDs. Also here I measured a weak power
dependence. Starting around 4 ns for the lowest measured power, the lifetime
component goes down to below 3 ns for the highest power setting. The error is
however very large for the lower powers once again and thus it is difficult to say if
this change is actually due to some photophysical effect or due to some variability
in the measurements.
This observable lifetime change does however not follow the prediction that
higher powers would prolong the lifetime due to photons knocking the already
excited excitons into even higher energy states, instead the opposite seems to be
the case. Important to notice here is also the S/N which was in the order of 102
and as expected increasing as the power increased. Even though the signal over
this whole 25 ns acquisition window was clearly higher than the noise and the noise
was taken into account during the fitting it is possible that the noise level might
have affected the lifetime components and could be the cause of the differences
seen. Another possible cause is the convolution with the IRF as will be discussed
more later. The IRF measured has a FWHM of approximately 0.8 ns, i.e. in the
same order as the short lifetime components discussed here. Unfortunately the
deconvolution algorithm used require a higher S/N to perform well and thus it is
not used here. One can only speculate what this may have done for the results and
looking at the amplitude coefficients of the bi-exponential fit in figure 5.4, i.e. the
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amplitude of each of the bi-exponential terms, reveals that the shorter lifetime term
is very dominant. This may very well be a property of how the excitons behave in
the QDs, but it is also entirely possible that it signals that the IRF is affecting the
actual fluorescent decay curve.
Moreover the amplitude coefficients seem to reveal some power dependence as
well, where the shorter lifetime term dominate more and more with higher power,
although still inside the error margins. This change could be explained by the fact
that more excitons get excited into higher energy levels, as the model of Li predicts,
thus increasing the ratio of excitons in these higher energy states with the shorter
lifetime to the excitons undergoing fluorescent decay from the ground excited state.
Here the results was split into single QDs and clusters, but as discussed there
was no real visible difference between the two in terms of lifetimes and amplitudes.
When analyzing the whole ensemble from the image, i.e. the whole field of view,
the results were still consistent. One may argue that taking the whole ensemble
would include background signal from the darker spots of the image where there
are no QDs and that this may affect the results. However this background signal,
mostly consisting of signal from QDs out of focus and not only dark counts and
similar pure detection defects, can be found throughout the whole image i.e. also
where there are QDs in focus. Taking all this into account analyzing the whole
ensemble will not affect the results noteworthy compared to analyzing only the
signal coming from the bright QDs. This is consistent with what the complete
analysis have shown for all experiments, hence only the ensemble analysis will be
presented for the other experiments. The fact that single QDs and clusters do not
show any difference is discussed further later.
Moving on the same type of QDs were also excited at higher laser powers, in
the range of 5 µW - 200 µW. Figure 5.5 shows the results of this experiment,
and the results are similar to the previous experiment in the sense that there are
some changes in the lifetimes that are perhaps not big enough to be completely
significant. For the short lifetime component the bi-exponential and the Xu-model
are once again following each other closely with the lifetime of the single-exponential
from the Xu-model consistently around 0.1 ns longer. The longer bi-exponential
lifetime follows roughly the same shape, with a minimum at 100 µW if one excludes
what seems to be an outlier at 20 µW. The qualitative values of the two lifetimes are
comparable to those fitted from the experiment in the lower power range, however
there definitely are some experiment-to-experiment changes. As for the amplitude
coefficients they do not change much in this power range and seem to stabilize
around the same values as for the lower power range; around 0.75 for the short
lifetime term and 0.25 for the long lifetime term. Once again, the measurement at
20 µW seems to be an outlier from some experimental artefact.
Considering the experiments shown in figure 5.4 and 5.5 the lifetimes and amplitudes do shift slightly, even if of a small amount, when exciting with different laser
powers. As seen from the first figure the variations between individual single QDs
or clusters are rather big, and hence the comparatively small changes described are
not significant. Comparing the two models it is clear that the Xu-model at short
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times follows the short bi-exponential lifetime term closely, as is expected. It is
consistently longer, since it also takes into account the longer lifetime component
of the bi-exponential fitting model. Since this follows the expectations the fitting
seems to mathematically work sufficiently well.
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Figure 5.4: Lifetime and amplitude coefficients for single QDs and clusters from
an experiment with 580QDs and 473 nm laser with low power. The power range
used was 0.05 µW to 1 µW and the acquisition was done over a time window of 25
ns. Results of the fitting are presented as lifetime components against power. (a) The
short lifetime component as found for an average over 10 single QDs, from both the biexponential and the Xu-model. (b) The short lifetime component as found for an average
over 6 QD clusters, from both the bi-exponential and the Xu-model. (c) The long lifetime
component as found for an average over 10 single QDs and 6 QD clusters respectively,
both from the bi-exponential model. (d) The bi-exponential amplitude coefficients for
both the long and short lifetime term as found for an average over 10 single QDs and
6 QD clusters respectively. (e) The image taken at 0.4 µW, clearly showing the visible
single QDs as well as brighter clusters. The scale bar is 1 µm.
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Figure 5.5: Lifetime and amplitude coefficients for the whole ensemble from
an experiment with 580QDs and 473 nm laser with high power. The power
range used was 5 µW to 200 µW and the acquisition was done over a time window of
25 ns. Results of the fitting are presented as lifetime components against power. (a)
The short lifetime component as found for the ensemble, from both the bi-exponential
and the Xu-model. (b) The long lifetime component as found for the ensemble from the
bi-exponential model. (c) The amplitude coefficients for both the long and short lifetime
term as found from the bi-exponential model. (d) The image taken at 10 µW. The scale
bar is 1 µm.
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605 quantum dots

I repeat the same experiments, i.e. lifetime decay measurements at different excitation laser power, for the 605QDs, where the results are shown in figure 5.6 and
5.7. The first covers the low to moderate power range of 0 µW - 20 µW while the
second one covers the high power range of 0 µW - 450 µW. Both experiments were
performed with the 473 nm laser with a acquisition time window of 25 ns, for a
direct comparison with the experiments performed on the previous type of QDs.
The results presented are from an ensemble analysis, adding up the whole image
into one fluorescent decay curve.
The low power range 1 µW - 20 µW depicted in figure 5.6 shows lifetimes in
the same order as for the 580QDs albeit slightly longer overall. The measurements
for this power range does not hint towards any changes in lifetimes following the
power, instead both components seem to be rather unstable over a quite big lifetime
range for these fits. It is worth mentioning that the background in the lifetime
decay curves was rather high for this experiment with a S/N between 102 and
103 , something that may have affected the fitting especially at the lowest powers
where the S/N was lower. Moreover as perhaps visible as darker lines through the
otherwise round QDs in the image the QDs were quite prone to blinking in these
experimental settings. This could also have affected the resulting fits, although
this is less likely since the statistical nature of the blinking combined with the
rather large number of counts for each image should allow for better consistency
throughout the power series. The Xu-model follows the bi-exponential short lifetime
term well, with the same small shift observed for the 580QDs.
Instead looking at the amplitude coefficients seem to reveal more interesting
behavior. Here the amplitude for the short lifetime term increases twofold from 0.4
to around 0.8, with the long lifetime term amplitude naturally doing the inverse,
all while rather smoothly following the power increase.
The next figure, figure 5.7, shows the results from measurements in the higher
power range between 5 µW - 450 µW. In comparison to the two experiments with
the 580QDs the resulting parameters from these fits match better together; both the
two lifetime components and their amplitudes. The short bi-exponential lifetime
component, which previously did not show any dependence on the power, seems
to indicate something a bit different in this range. Here the lifetime decreases as
the power increases, with the outlier at 250 µW not taken into account. At the
lowest power settings it changes a bit between 0.6 ns - 0.7 ns, matching the changes
observed in the previous experiment, however it then starts to decrease steadily
down to 0.45 ns for the 450 µW measurement. The Xu-model this time follows
even more closely, indicating that the bi-exponential amplitudes shifts even more
towards the short lifetime term, which can be confirmed by looking at the amplitude
coefficients.
The long lifetime component also seem to decrease as the power increases overall,
again disregarding the outlier. While it at the lower powers was changing between
3.5 ns - 4.5 ns, as seen also from this graph, it then decreases to values under 3 ns.
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The amplitude coefficients show a clear dependence on the power which follows a
non-linear behavior. Previously the short lifetime term amplitude rose from under
0.5 up to 0.8 over the 1 µW - 20 µW range and almost identical result can be
extracted from this curve over the bigger power range. At higher powers it then
continues to grow slowly up above 0.9. Hence the short lifetime component is very
dominant at higher powers, just like we saw for the 580QDs albeit not to the same
degree in that case.
The fact that the short lifetime component becomes so dominant is interesting
and as previously mentioned it may be due to the processes Li et al. discuss in [8],
where the excitons get excited into higher excited states. That would mean that
more excitons are located in these states simultaneously and thus increasing the
amplitude coefficients, however one would also expect this to increase the lifetimes
which is not observed throughout these experiments. Another possible explanation
for this completely dominant short lifetime term is experimental artefacts that may
grow stronger with increasing power. The IRF, which as mentioned have caused
some problems, could be involved, together with reflections of the laser beam that
in some way enters the detector. Reflections would most definitely cause an initial
spike in the detected curve, but this is highly unlikely since the band-pass filter
filters out the laser wavelength just in front of the detector. The IRF, which has
been observed to be rather broad, would be involved through a convolution effect
and that should not sharpen the decay curve to degrees observed here.
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Figure 5.6: Lifetime and amplitude coefficients for the whole ensemble from an
experiment with 605QDs and 473 nm laser with moderately low power. The
power range used was 1 µW to 20 µW and the acquisition was done over a time window
of 25 ns. Results of the fitting are presented as lifetime components against power. (a)
The short lifetime component as found for the ensemble, from both the bi-exponential
and the Xu-model. (b) The long lifetime component as found for the ensemble from the
bi-exponential model. (c) The amplitude coefficients for both the long and short lifetime
term as found from the bi-exponential model. (d) The image taken at 6 µW. The scale
bar is 1 µm.
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Figure 5.7: Lifetime and amplitude coefficients for the whole ensemble from
an experiment with 605QDs and 473 nm laser with high power. The power
range used was 5 µW to 450 µW and the acquisition was done over a time window of
25 ns. Results of the fitting are presented as lifetime components against power. (a)
The short lifetime component as found for the ensemble, from both the bi-exponential
and the Xu-model. (b) The long lifetime component as found for the ensemble from the
bi-exponential model. (c) The amplitude coefficients for both the long and short lifetime
term as found from the bi-exponential model. (d) The image taken at 100 µW. The scale
bar is 1 µm.
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565 quantum dots

The third QD type presented here is the 565QDs, which in contrast to the other
two water soluble types is chloroform soluble i.e. lacking the surface modifications
for water solubility. The results are presented in figure 5.8 and 5.9, and just like
previously they depict a low power region and a higher power region respectively.
Here the frequency used was lower than previously and hence the acquisition time
windows was instead 100 ns. Thus the long-time region Xu-model analysis was
possible to do and after plotting the inverse squared fluorescent decay curves, as
explained previously, the linear region was found to be situated in the area around
60 - 80 ns, consistent with Xu et al [24]. Moreover the longer acquisition window
combined with the relatively high S/N in this case made deconvolution possible and
hence that is performed for the results presented here. Worth noting is also the fact
that these QDs had a substantially extended fluorescent decay time-wise compared
to all the other QDs tested. The cause for this difference, as is clearly visible on
the lifetime components, is not clear, as other chloroform soluble QDs with similar
size and composition showed far quicker decay characteristics. Since deconvolution
is performed here and not previously one may think that this is the cause, however
the longer lifetimes are clearly visible even without the deconvolution, which allover
does not change the values or the relative sizes of the fitted parameters to any
greater extent.
Figure 5.8 shows as mentioned the low power analysis, in the range between
0.2 µW - 2 µW. The short lifetime now shows values matching those of the long
component of the previously explored QD types. In this range the bi-exponential
lifetime seems to increase from slightly below 4 ns up towards 5 ns, although the
change is neither smooth nor steady. The Xu-model short lifetime does not follow
the bi-exponential term in the same manner this time, instead it is far longer. It
also increase from 4 ns initially up to 11 ns at the high end of the power range.
One of the reasons as to why they are not as correlated this time is found in the
amplitude coefficients, where the long lifetime term now is the dominant one.
The long lifetime component from the bi-exponential fit seems to be rather
steady around 17 ns, although starting a bit lower than that at the absolutely
lowest powers. The Xu-model long lifetime, i.e. β of the inverse power law decay, is
substantially longer, showing a lifetime at 150 ns initially and decreasing down to
85 ns in this range. The bi-exponential amplitude coefficients as mentioned show
the long lifetime component to be the dominant one for this type, with a value
around 0.6. There is no big change of this throughout this power range.
Figure 5.9 now instead show the results from the higher power range between
1 µW - 100 µW. While the bi-exponential short lifetime term increased to about 5
ns in the lower range, it here decreases from 5 ns close to 3 ns. The Xu-model is
now even farther decoupled from the bi-exponential model, indicating that the long
lifetime term amplitude of the bi-exponential has grown even more. The Xu-model
short lifetime instead seems to be stable between 9 ns - 12 ns, which is longer than
in the low power range. However β seems to follow the trend of decreasing with
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power, although the change from 120 ns down to below 80 ns is not smooth.
The long lifetime bi-exponential component show values around 18 ns - 19 ns,
and slightly decreasing over the range. This is slightly higher than in the low range
measurements. The fact that both bi-exponential lifetimes slightly increase in the
low power range and slightly decrease in the higher power range, while not having
matching values at the overlapping measurements, seems to indicate that there are
some experiment-to-experiment differences present here, which may be the cause of
these changes. The same goes for the amplitude coefficients, which do not match in
the overlapping values. Having that in mind the change observed here, an increase
for the long lifetime term amplitude from 0.75 to 0.85, is perhaps just an artefact
of the experimental procedure as the change is not as smooth as that observed
for the 605QDs either. However, both experiments for this type of QDs show a
dominant long lifetime term with amplitudes above 0.6, and even more so for the
higher powers, compared to the two water soluble types of QDs where the short
lifetime component was at all times the dominant term. This is also apparent when
looking at the decay curve curves for this type which in comparison to the other
types do not show an initial peak of the same sharpness.
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Figure 5.8: Lifetime and amplitude coefficients for the whole ensemble from an
experiment with 565QDs and 473 nm laser with low power. The power range used
was 0.2 µW to 2 µW and the acquisition was done over a time window of 100 ns. Results
of the fitting, after deconvolution, are presented as lifetime components against power.
(a) The short lifetime component as found for the ensemble, from both the bi-exponential
and the Xu-model. (b) The long lifetime component as found for the ensemble from the
bi-exponential model. (c) The long lifetime component β as found for the ensemble from
the Xu-model. (d) The amplitude coefficients for both the long and short lifetime term
as found from the bi-exponential model. (e) The image taken at 0.9 µW. The scale bar
is 1 µm.
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Figure 5.9: Lifetime and amplitude coefficients for the whole ensemble from
an experiment with 565QDs and 473 nm laser with high power. The power
range used was 1 µW to 100 µW and the acquisition was done over a time window of
100 ns. Results of the fitting, after deconvolution, are presented as lifetime components
against power. (a) The short lifetime component as found for the ensemble, from both
the bi-exponential and the Xu-model. (b) The long lifetime component as found for the
ensemble from the bi-exponential model. (c) The long lifetime component β as found for
the ensemble from the Xu-model. (d) The amplitude coefficients for both the long and
short lifetime term as found from the bi-exponential model. (e) The image taken at 5
µW. The scale bar is 1 µm.
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Fluorescence lifetime characterization under STED
illumination

In addition to analyzing how the fitting parameters were affected by the excitation
laser power experiments where also the STED beam was used are presented in figure
5.10. The excitation laser, in this case 473 nm, was constantly kept at 30 µW while
the STED beam power was varied between three different powers; 110 mW, 220 mW
and the maximum output 320 mW. The 565QDs were used for these measurements.
It should also be mentioned that no STED resolution improvement effect was visible
with these QDs, as later will be shown was possible with the 580QDs. In order to
be able to fit the data where the STED laser was used some initial data handling
had to be done, since the STED laser is CW and hence constantly excited the QDs,
showing up as a more or less constant fluorescence background in the fluorescence
decay curve. As a first step for the excitation + STED curves, the average signal
from a STED only curve as well as the average background from an excitation only
curve were subtracted. This should leave a decay curve containing to some degree
only the fluorescence from the excitation laser excited QDs, which subsequently can
have been affected by the 592 nm laser beam. It should be noted that signal from
the STED excitation is relatively low compared to the signal from the excitation
beam excited QDs, as the 592 nm beam excites at the very, very far tail of the
excitation spectrum. The more or less constant level of the STED signal matches
or dominate that of the excitation signal from around 50-60 ns, depending on the
STED power and measurement-to-measurement difference. This leaves the far part
of the decay curves troublesome to analyze due to the random fluctuations in the
signals and hence the long Xu-model lifetime is omitted in this analysis.
Looking at the figure both the short and long bi-exponential lifetimes are heavily
affected by the STED beam, consistently throughout the measurements. While the
excitation only lifetimes are at 4 ns and 16 ns respectively, matching those seen
in the previous measurements for these QDs, the lifetimes when switching on the
STED beam substantially decrease; the short lifetime becomes 1 ns - 1.5 ns and the
long lifetime becomes 8 ns - 9 ns. Even though the constant STED beam excited
background signal can affect these results by drowning out the signal at the far end
of the decay curve, it is clear that something is happening when turning on the
STED beam. Also the amplitude coefficients of the two terms shift dramatically,
from being almost equivalent the short lifetime amplitude decrease to roughly 0.2
while the long lifetime amplitude then naturally increase to 0.8. Worth noting
moreover is that the changes in parameter values seem independent on the amount
of STED power. As there are clear changes this is perhaps not what one would
expect, but there are possible explanations for this as discussed later on.
Interestingly enough the short-time regime lifetime of the Xu-model does not
follow the trend of the bi-exponential lifetimes, instead it stays mostly unaffected.
This shows how different the two models behaves albeit looking very similar both
being exponential models. One would expect the short bi-exponential lifetime term
to dominate in the range where the Xu-model is fitted, and thus the short Xu-model
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lifetime would follow the same trends as the bi-exponential lifetime, as we have seen
previously. However, as the short bi-exponential lifetime term seemingly decrease
both in amplitude and lifetime, the decay in the range where the Xu-model fit takes
place is comparably more affected by the long lifetime term in the bi-exponential
fit and hence these two effects most probably balance each other in this case.
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Figure 5.10: Lifetime characterization under STED illumination. 565QDs were
used, the excitation power of the 473 nm laser was 30 µW and the 592 nm STED laser
was varied between 110 mW, 220 mW and 320 mW. The acquisition was done over a time
window of 100 ns. Results are presented as the lifetime components of the two models,
bi-exponential and Xu-model, after fitting and averaging fits over 3, 3 and 5 measurements
per STED power respectively. The error bars represent 1 standard deviation. For the excitation + STED beam data an initial subtraction of the averaged CW STED only baseline
was executed. (a), (b), (c), (d) and (e) all show a comparison between an excitation
only and excitation + STED measurements of three different STED powers. (a) The
bi-exponential short lifetime parameter. (b) The bi-exponential long lifetime parameter.
(c) The bi-exponential short lifetime amplitude coefficient. (d) The bi-exponential long
lifetime amplitude coefficient. (e) The Xu-model short lifetime parameter.
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STED imaging

As before-mentioned the second part of the project concerned attempts at exploring the possibility to use QDs for STED imaging, which was done through testing
samples of single QDs in solution with various laser wavelengths and powers. The
resulting images 5.11 and 5.12 are presented in sets of four in the order they were
imaged; (a) standard excitation plus STED doughnut image, (b) only STED doughnut image, (c) the resulting subtracted image and finally (d) a confocal comparison
image. This was tested for each of the QD types presented above, however there
was one type of QDs that showed superior results among the different ones and it
was the only type to show any resolution improvement.
Presented here are images with 580QDs where the overlap of the STED beam
wavelength with the emission spectrum, as visible in figure 5.1 and which is a
necessary feature for successful stimulated emission, is optimal. Due to the narrow
emission spectrum this overlap also means that the STED beam overlaps with the
far end of the excitation tail. However, since the STED power used is CW and in
general more than three orders of magnitude larger than the excitation power it
means that there will be strong excitation even by this minimal tail overlap. This
had to be taken into account while choosing settings for the imaging and is also the
reason for the subtraction of images; it is discussed further later. Furthermore, the
choice of which QDs from the images to use for the comparison of the average dot
profile plotted in 5.11 e and 5.12 e was mostly based on the STED only images.
The reason for this is that the doughnut was at all times known to be good, as it
was checked with a beam reflecting gold bead sample prior to experiments. This
means firstly that the zero was an ideal zero, with minimal light intensity at the
same level as the surrounding background. Secondly the amount of aberration,
from the wide range of possible aberrations, was kept minimal, hence the doughnut
was symmetric across all three coordinate axes. Thirdly it was also superimposed
with the excitation beam. Knowing this the visible doughnuts in the STED only
image can be analyzed by looking at the zero; a true zero means that it is a single
dot while a zero filled with emission to some degree most likely means that there are
either QDs close together whose STED doughnuts overlap or that it is a cluster.
Clusters and QDs simply close together seemingly also differ in these images as
clusters do seem to show a very homogeneous emission without any visible dip
in the center while non-clustered QDs simply seem to have overlapping doughnut
emission. With this knowledge only the QDs which show a nice zero and hence are
single QDs were chosen for line profile analysis.
Figure 5.11 show an example experiment where the resolution was clearly improved, as indicative both from comparing the actual confocal and subtracted images and their zoom-ins, c, f and d, g, as well as comparing the average QD line
profiles in e. The FWHM is as indicated in e significantly improved, by a factor of
2.6 from 340 nm to 130 nm. The STED FWHM of 130 nm is much smaller than in
an ideal confocal situation of about 250 nm and thus the resolution improvement is
significant. However, the FWHM in the confocal image of 340 nm is slightly larger
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than the 250 nm or below expected. The possible reasons for this are discussed
later.
Figure 5.12 show another experiment in which the 405 nm laser was used instead
of the 473 nm laser as an excitation source. According to the QD absorption spectra
in figure 3.1 c, a shorter laser wavelength means that the QD excitation will be
more efficient. As a consequence lower excitation powers were required to get the
same fluorescence emission intensity in the confocal image. It seemingly allowed
for higher STED power as well, without degrading the final image too much from
the STED beam excitation which otherwise was problematic. As clearly visible
in images 5.12 a and b the STED doughnut excited the QDs much more than
the excitation beam, leading to an initial image that might leave one skeptical.
However after subtraction the QDs appear super-resolved once again. Comparing
the FWHM of the confocal and subtracted image this time leads to an improvement
factor of 4.5. This is better than in the previous image both because of what seems
to be a bigger confocal FWHM as well as a smaller subtracted profile. While the
bigger confocal is difficult to explain the smaller STED is likely because of the
higher STED power used, leading to more stimulated emission and hence a more
confined super-resolved center. Perhaps this is allowed by the change of excitation
laser to a wavelength where the absorption of the QDs is considerably higher. In
combination with the 473 nm laser STED powers as high as this, 55 mW, lead to too
much re-excitation to be able to discern the super-resolved center after subtraction
as the detected emission intensity was comparable for the central part and the
doughnut-illuminated outside.
It is obvious from the average dot profiles that the confocal images are not
optimized, as mentioned. This was the case in close to all confocal images taken
of the samples, and the cause is not obvious. One could argue that most images
show solely clustered QDs because of a faulty sample preparation, however this
claim is difficult to defend against the super-resolved STED images which seem to
rely on non-clustering of QDs as for example the cluster visible in the right part
of the images in figure 5.11, as well as the cluster visible in the zoomed-in images
f and g, seemingly disappears after subtraction of the images. This observation
holds throughout most images that picture obvious QD clusters. The clustering
and its effects on the imaging is discussed further later. The zoomed-in images, f
and g in figure 5.11 and 5.12, show the resolution improvement clearly. Figure 5.12
f also show that QDs close together, that were unresolvable in the confocal image,
can now be resolved into separate super-resolved single QDs by STED. Comparing
to the results for the very bright clusters, these QDs are not clustered but merely
spatially close together. This is also confirmed by looking at the STED only image
in b, where the clusters do not show any sign of a central zero of the doughnut,
while the non-clustered spatially close QDs show the central zero of the doughnut
albeit filled with intensity to some lesser extent.
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Figure 5.11: Resolution improvement of 580QDs sample with STED imaging.
The scale bar is 1 µm and the pixel size is 40 nm, for all images. (a) 580QDs in a water
solution are here imaged with the 473 nm excitation laser at 200 µW plus the 592 nm
STED laser at 10 mW. The dwell time was 0.1 ms per pixel. (b) The same area of interest
in the same sample was then immediately images with the STED laser only, as indicated by
the doughnut-shaped dots. (c) This image shows the subtraction of image b from image
a, ideally leaving only the super-resolved central part of the dot. (d) Lastly a confocal
image was taken of the sample, as a comparison indicating the resolution improvement of
the dots with the STED imaging and subtraction of images. (e) The averaged dot profile
of 10 QDs from the confocal and subtracted image, c and d, plotted with a Gaussian
and Lorentzian fit respectively. (f) 3x zoomed-in part of c. (g) 3x zoomed-in part of d.
Images c, d, f, g are smoothed with a low-pass Gaussian filter.
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Figure 5.12: Resolution improvement of 580QDs sample with STED imaging.
The scale bar is 1 µm and the pixel size is 20 nm, for all images. (a) 580QDs in a water
solution are here imaged with the 405 nm excitation laser at 25 µW plus the 592 nm STED
laser at 55 mW. The dwell time was 0.1 ms per pixel. (b) The same area of interest in
the same sample was then immediately images with the STED laser only, as indicated by
the doughnut-shaped dots. (c) This image shows the subtraction of image b from image
a, ideally leaving only the super-resolved central part of the dot. (d) Lastly a confocal
image was taken of the sample, as a comparison indicating the resolution improvement of
the dots with the STED imaging and subtraction of images. (e) The averaged dot profile
of 10 QDs from the confocal and subtracted image, c and d, plotted with a Gaussian
and Lorentzian fit respectively. (f) 3x zoomed-in part of c. (g) 3x zoomed-in part of d.
Images c, d, f, g are smoothed with a low-pass Gaussian filter.
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QD blinking

One commonly reported and often striking property of QDs is, as earlier noted,
the blinking. During this work the various QDs used have shown, as expected,
varying blinking properties. In some cases the blinking have been too strong to
image the QDs in a satisfactory way, especially when trying to use the subtraction
approach for STED images. The stochastic nature of the blinking hinders this
subtraction process greatly when the off-state periods are clearly visible as dark
lines through the scanned imaged emission of the QD. However for most QDs this
has not been a problem; most of them show dark streaks at times through an
otherwise homogeneous image of a QD, but not enough to hinder the imaging
and subtraction process to generate satisfactory resulting images. Moreover, the
blinking of the 605QDs seemingly affected the lifetime decay experiments presented
in figure 5.6 and 5.7, where the lifetime components alternate from increasing to
decreasing between the different excitation powers used. The blinking is clearly
visible as dark streaks through the single QDs in the images 5.6 d and 5.7 d. If the
commonly believed model of the dangling bonds is correct there should be some
correlation between the shell thickness and the observed blinking; thicker shell
should mean less likely tunneling. However this was not observed when merely
comparing images of different QDs used in this project; how much blinking a type
of QD showed was not necessarily connected to the shell thickness.

Chapter 6

Discussion
6.1

Fluorescence decay experiments

When it comes to fitting of decay data to the two models, the bi-exponential and the
Xu-model, trying to understand which one better fits these QDs was a constant aim
throughout the project. The bi-exponential model has proven time after time to
be a trustworthy model with good numerical fitting results in terms of goodness of
fit and residuals as well as having parameters following changes in the surrounding
environment closely, a clear indicator of a good model. However the Xu-model has
in similar ways proven itself and with perhaps even better numerical fitting, along
with a thorough physical model behind it not completely relying on the typical
decay mechanics for other fluorophore types as the multi-exponential models do.
The possibility that different types of QDs follow different models is not something
that can be disregarded, with the vast possible materials, structures and surface
modifications. If that is the case the Xu-model is expected to be the model that the
QDs used in these experiments follow better, since they are made in-house in the
same lab as the ones used by Xu et al [24] and resemble them closely in terms of
structural properties. Nevertheless the comparison of the two models is interesting,
especially in the short time range since that is perhaps the more interesting of the
two for super-resolution applications based on lifetimes and because the two models
resemble each other very closely there with a single dominating exponential term.
Due to the experimental conditions a complete comparison between the two
models was not always possible to do, mainly because of two reasons. Firstly the
acquisition time window was kept at 25 ns for many of the early measurements,
leading to the fact that the long lifetime component was either partly visible or not
visible at all. For the bi-exponential model the long-time component is always more
visible and possible to characterize to some degree of certainty. However, for the Xumodel it is not possible at all for the shorter measurements since the mathematical
decay model completely changes for the time ranges after 50 ns. Secondly, the S/N
was at times at a level that is too low for getting accurate results, it was usually
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found to be around 103 however at times down towards 102 . This may partly be
caused by the higher frequencies where residual fluorescence from previous pulses
registered during the next pulses. Once again this especially affect the long-time
component since a noise level will affect the decaying signal to a much greater extent
in that lower-signal region. As visible in figures 5.8 and 5.9 the long-time Xu-model
term, in the experiments with a longer acquisition window, has a lifetime that is
much longer than the long-time term of the bi-exponential fit of the same data. One
should remember that the two lifetimes from the different models are not directly
comparable since they represent parameters of different types of decay, whereas the
short-time lifetimes from the two models still both come from exponential decays.
However, one would expect them to be somewhat comparable in size and the fact
that they differ by a factor of up to 10 might be an indication that the background
noise level affect the fitting too much for accurate results. In fact a S/N of 104 or
above is often recommended for TCSPC fluorescent decay measurements.
There is a physical limit on the noise for a fluorescent decay signal and that
is the Poissonian noise present due to the√quantum nature of the single photon
measurements. This noise level is equal to N where N is the number of photons,
here the number of photons in a certain bin. This has however little to do with
the almost constant background noise level visible in these measurements, even
before the peak where the signal ideally should be zero and dominated by the dark
count rate of the detector. Thus, the noise seen here is most likely either due to
some scattering or reflections inside the system, as the room was kept dark and the
system encased in a dark box at the time of the measurements, or it is an artefact
of the detector. If the first is true there are a few possible explanations. It should
be mentioned that reflections of the 510 nm excitation beam were observed to hit
the detector while trying to measure the IRF, but the 473 nm beam did not show
this property. Nevertheless, as a band-pass filter is always filtering away the laser
wavelength used at the time during the experiments the background is in this case
more likely stray scattering from the QD emitted light, arriving at times that do
not correlate with the laser pulses sent in any particular way. Another possible
explanation is that it is residual fluorescence from excitation by previous laser
pulses, especially at the higher pulse frequencies. However, what argues against
this is that it is seemingly a constant background level, from beginning to end of
the acquisition window and not decaying as it would be otherwise. Moreover, it does
not seem to be particularly dependent on the acquisition window size used, which
must be the case for residual fluorescence. As for the second type of background
that could be introduced, an artefact of the detector, this seems highly unlikely.
Firstly, noise at this level would require an extremely high dark count rate, far
above what it should be for the detector used. Secondly, neither the noise level nor
the S/N is consistent between different measurements and experiments but instead
it varies over multiple orders of magnitude.
All these problems and speculations aside, the data and results presented here
tell us a few things about the QDs and indicate areas that would be interesting
to investigate further. First of all, the lifetimes of the different QDs were fairly
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similar for all except one case, the 565QDs. As mentioned, these were chloroform
soluble and an initial hypothesis would be that the surface modifications introduced
in the water soluble QDs creates quicker fluorescent decay pathways. However,
this cannot be the sole explanation as other chloroform soluble QDs have showed
decay characteristics similar to the ones observed for the water soluble. A physical
reasoning explaining this would be that different QDs, even though they only differ
a little bit in size and shell structure, can have very different fluorescence decay
characteristics. Looking in table 4.1 one realize that the 565QDs are the QDs with
the thinnest shell and the only ones not containing at least one mono-layer of CdS in
the shell. Since the shell is there to protect the photo-active core from environmental
effects one could expect that a thinner shell would mean more interference from the
surroundings and perhaps quicker decay. However, one mono-layer shell thickness
is possibly already enough to shield the core completely and it is the lack of CdS
in the shell that make the QDs behave this way, or the combination of CdSe core
and CdS in the shell that quickens the fluorescence decay.
Looking more into detail of the data there are not so many clear trends in the
different power ranges. Most parameters show more or less constant power dependent behavior over the power ranges explored, or changes that are so small that it
is difficult to draw any conclusions. However the bi-exponential amplitude coefficients of the 605QDs, in figure 5.6 and especially 5.7, show interesting behavior.
At the lowest powers, around 1 µW, the two terms are relatively evenly divided
where the short lifetime term has an amplitude of around 0.6 and the long lifetime
term 0.4. Already in the moderately low power range up to 20 µW the amplitudes
start to shift to a 80:20 divide still in favor of the short lifetime, while in the higher
powers the ratio steadily changes to an extreme of 0.95:0.05 at the highest powers.
The trend clearly looks like a non-linear effect over the whole power range and as
discussed it is unlikely that it is due to any experimental artefacts such as reflections, convolution with the IRF or bleaching for that matter. Why this effect only
show in these type of QDs, at least this strongly, has to be further explored. A
hypothesis is that it is the combination of laser excitation wavelength and emission
maximum, or rather the difference between the two, that does it. The 605QDs
have the longest emission maximum wavelength of the QDs used here and thus
the energy gap is the smallest. This could allow for more higher excited energy
levels as the surrounding shell constitutes of the same materials as for the other
QDs and hence the processes discussed by Li et al. [8], where excitons are excited
into higher excited states, could be more pronounced in this type of QD, i.e. more
excitons simultaneously occupies the higher states. This would lead to an increased
amplitude coefficient of this short lifetime term. This should also lead to a longer
lifetime as the QD would stay longer in these excited states before being allowed
to fluorescently decay, however this is as already mentioned not observed in these
experiments and instead a slight decrease seems to take place.
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Fluorescence lifetime variation induced by stimulated
emission

As stated there are some clear changes to the fitting parameters of the bi-exponential
model when combining the excitation and STED beam, whereas the short lifetime
after fitting with the Xu-model remains unchanged. The question here is, as initially discussed, which model is the better physical model and whether either one
describes the physical processes accurate enough. It would be easy to say that the
bi-exponential model is the best out of these two after looking at the results, as
there are some changes to those parameter values on orders that are not seen without the STED beam. Obviously this means that the fluorescence decay changes in
some way. By then looking at the Xu-model fitting and seeing that the lifetime
parameter there does not change, one could argue that the Xu-model is missing
something. However one must remember that the part of the Xu-model that fits
the long-time regime is not represented here, thus perhaps the changes to the fluorescence decay clearly mapped in the bi-exponential model would also affect this
longer lifetime of the Xu-model.
As mentioned earlier the changes seem independent on the amount of STED
power. The most probable explanation to this would be that all three STED powers are already in a saturated zone, and that this effect starts gradually at much
lower powers. The question what this effect actually is is interesting, as I previously
mentioned that a STED resolution improvement effect was definitely not visible.
When imaging these 565QDs with solely the STED beam there were no visible
doughnuts either, as easily was the case with the 580QDs even when the resolution
improvement effect was not there because of non-optimal power settings or alignment issues. Most likely this was due to the sample preparation of the 565QDs
samples used for this part, as single QDs often were difficult to spot and clustering
have proven to be problematic for a range of effects during this work. Even though
the resolution improvement was not there and the doughnuts were not visible in this
sample, it is still entirely possible and plausible that the effect on the fluorescence
decay is due to stimulated emission. Since stimulated emission is a process that
immediately cause fluorescence and the lifetimes here become noticeably shorter, it
is bound to be the process at hand. The fact that a depletion beam in fact cause
shorter lifetimes visible in fluorescence decay experiments has previously been discussed and shown for fluorescent beads by Marsh et al., although the changes they
observed for a bi-exponential model were on the order of less than 1 ns difference
for the lifetimes [32]. Even though the experiments are not completely comparable,
especially because of the different type of fluorophores, they also used much less
depletion power, 7.5 mW, reinforcing the hypothesis that the powers used here are
already in a saturated power range and it is possible that the lifetime and power
have a non-linear relationship.

6.2. STED IMAGING
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STED imaging

The STED imaging shown in figures 5.11 and 5.12 showed resolution improvements
of factors from 2.5 up to 4, for the 580QDs. However, the resolution of the confocal
images while doing the STED imaging was not ideal, with the FWHM of single
dots in some images closing up on 400 nm. Although this was the case the STED
effect seemed to work the best in those configurations. There are several possible
explanations for this, where a prevalent theory is a widened excitation laser PSF
at the time of imaging. As long as this PSF is not enlarged as to expand beyond
the STED doughnut-shaped PSF this should be of little importance to the final
subtracted STED image, as long as the STED PSF is optimized and overlapping in
the z-direction with the excitation beam. However, if the enlarged confocal image
resolution is due to some other effect in the imaging system affecting both the
confocal and STED beam, the implications on the final STED resolutions will be
different. If the STED PSF in this case was not optimal, especially important if the
central zero was not perfectly zero, the resolution of the STED image would also
be affected negatively. If this is the case the improvement factor should still remain
fairly constant even with optimized beams, if not increasing. Looking at the STED
only image should give a good idea of which explanation has a higher credibility in
this case, which for figure 5.12 seems to point towards the former theory. Hence,
the resolution improvement factor might not be as good as previously thought
from looking at figure 5.12 e, however a factor of two to three is still present in
all successful images. Worth mentioning is that imaging of fluorescent beads have
constantly showed good confocal resolution on the order of 200-250 nm. Thus it is
also possible that simply the photophysical nature of QDs is what is causing some
of the widened confocal images. Although in some cases the FWHM was in fact
close to more acceptable values at 300 nm and slightly lower, so this explanation is
less likely to account for what is observed in these other cases.

6.2.1

Direct fluorescence excitation by the STED beam

The excitation by the STED beam was the biggest difficulty to overcome in order
to image the QDs through STED imaging. With the fixed STED wavelength at
592nm, and expected relatively constant relationship between excitation and emission spectrum thanks to the to a large extent similar structure, it means that QDs
that emit further into the red part of the visible spectrum would be more excited
by the STED beam. This was observed and a compromise between overlap of the
STED wavelength with the emission spectrum to optimize the stimulated emission
effect and QDs as far into the blue part of the spectrum as possible to minimize
re-excitation had to be made. The compromise seemed to reach an optimal point
for the 580QDs, i.e. the STED beam wavelength 12 nm above the emission maximum, while for example the excitation by the STED beam was very high in the
case of 605QDs and the STED effect minimal if not non-existent for 565QDs. This
can be compared with the work by Hanne et al., where they got the best results
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by using a STED wavelength 70 nm above the emission maximum of the QDs [11].
This can be partly explained by the fact that their QDs showed much broader emission band and thus even 70 nm above the maximum they had significant overlap.
This also meant that they avoided the excitation band to a higher degree than
in the experiments presented here and their STED images consequently showed
much lower excitation by the STED beam, what they describe as a halo around the
super-resolved central part of the QDs. Moreover the fact that they used a pulsed
STED laser also affects this.

6.3
6.3.1

Quantum dot properties
Lifetimes

The main photophysical property of this project was the lifetime of quantum dots.
This property is arguably not the easiest to define for QDs as they seem to take on
different decay and fluorescence mechanics, hence following different decay models
usually containing multiple lifetime components. When one of these components
seem to share the very short time scale, one nanosecond or less, with the IRF of the
system the analysis can get rather cumbersome for getting qualitative results from
measurements. How this was handled is explained further later. What it means for
the measured lifetimes as compared to the actual lifetimes is difficult to say, but
the fact that it would take good and robust algorithms to handle this in a good
manner is obvious. However the comparative measurements and analysis mostly
done here are expected to remain relatively unaffected and trustworthy by this,
as long as everything is kept consistent throughout acquisition and processing. If
the IRF affects the perceived fluorescence decay for one excitation power it should
affect it in a very similar way for another excitation power and the fitted lifetimes
should be possible to compare without any greater concerns.

6.3.2

Clustering

In the STED imaging, clustered QDs seemingly do not show any resolution improvement from confocal images. It is known from before that clusters, which usually
are interacting through non-covalent interactions such as hydrogen-bonding, van
der Waals forces or electrostatic interaction, behave different from single QDs and
their optical properties do change as a consequence of aggregation or clustering
[33]. While it has not explicitly been shown before that this also affects STED
imaging, possibly due to the relatively small amount of literature on the subject
as a whole, it perhaps should not be surprising that the optical properties of QDs
change as much as to also affect this. Possible processes affecting it could be energy
transfer or electrons and holes tunneling between the clustered QDs. If there is a
process of these that is quicker than the stimulated emission, which bear in mind
is rather quick, it could be the cause of pathways for excited excitons transferring
them to states not affected by the stimulated emission and hence left unaffected by
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the STED beam. Further investigations are however needed in order to get a better understanding of how clustering of QDs affect their photophysical and optical
properties. This is of importance for using QDs as fluorophores since clustering is
a possibility when for example immunostaining with surface modified QDs as one
wants as homogeneous staining as possible showing all the target proteins when
imaging, thus naturally the fluorophores will arrange close together. However clustering can be avoided to some extent by appropriate surface modifications [34] or
counteracted by other methods such as hydrogen bonding shielding [35].
For the lifetime decay experiments one could imagine extra inter-QD exciton
decay pathways would open up when QDs cluster together, where excitons could
potentially interact across the QD shell barriers, something that has previously
been discussed [36]. However, no big differences were observed between single QDs
and clusters in these experiments, as clearly indicated in figure 5.4 and was the case
over all power ranges and QD types.
When it comes to QDs used here they were all core-shell and with similar if
not identical surface modifications and thus one would expect them to act similar
in terms of clustering. This was mostly the case, however certain types of QDs
did seem to be more prone to aggregation, something that very well may be due
to sample preparation and concentration aspects instead of necessarily a property
of the QDs. One could expect the type of solvent to bear importance in this case
since that is dependent on the surface modifications, however that did not seem to
be the case for the tens of QDs and two types of solvents tested.

6.4

Technical limitations and further experiments

Certain technical limitations has affected the results throughout the course of the
project. First of all, the timing resolution of the SPAD has been shown, through
the IRF, to be close to the time range of the short lifetimes of a number of QDs
used. Moreover, a dichroic mirror used to separate emission light and laser beam
paths interferes to an extent with the emission light of QD types with emission
maximum around 590-610 nm, where it instead of allowing all of these wavelengths
to pass through reflects them to varying extent. This leaves the measured signal
lower than otherwise possible, and thus affecting the S/N negatively. Even if this
effect decrease the signal level, it does not increase the noise level and thus cannot
be the sole reason for the low S/N ratio. Thus, the results presented here are true
in these conditions, however they can be optimized and further verified.
In further experiments regarding the fluorescent decay experiments, focus would
be on the interesting ranges seen in the results presented here. Sample preparation
would have been better, lower frequency of the excitation laser would be used
allowing for longer acquisition time windows and a close eye would be kept on
the S/N to assure it stayed high enough to allow for accurate deconvolution and
analysis of the data. Most importantly a detector with a faster response time would
be used, thereby narrowing the IRF and not affecting the measured lifetime decay of
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the QDs with shorter lifetimes to the same extent. This will allow for more accurate
description of the short lifetime component of the QDs. Moreover to reduce the
effects of blinking which at times was visible, different buffers in the solvent could
be used to minimize the amount of blinking. The overall focus of new experiments
would be put on a few types of QDs of varying properties such as emission band
and solubility.
Moreover also the STED imaging could be perfected. The depletion curve ever
present for imaging through stimulated emission, described in the non-linear dependence of the resolution on the STED power shown in equation 3.4, was not
observed during these measurements for the higher powers. While the power dependence is most probably there, since stimulated emission is clearly observed, the
super-resolved signal otherwise seen in the subtracted image is easily drowned in
the strong excitation by the STED beam when using powers up to the maximum
power of 320 mW. Further imaging with a perfect STED and excitation PSF and
optimizing conditions such as excitation power would be necessary to reach confocal resolution on par with what is possible, hopefully improve the STED resolution
and reveal the resolution dependence on STED power.
For the STED imaging the resolution improvement was consistent when using
the correct experimental conditions. However the fluorescence lifetime decay experiments were often affected by the low S/N ratio which increased variability and
caused low reproducibility between different experiments. Brighter QDs and an
optimized detection in the microscope will help to collect more reliable data. This
would lead to a higher precision when describing the lifetime and amplitude variation dependence with regards to the illumination parameters such as excitation
power.

Chapter 7

Conclusions and outlook
The fluorescence decay experiments performed here did show results where the
lifetimes and amplitudes of the different models were affected by the excitation
power used, for all three QD types. Especially non-linear changes of the amplitude coefficients or populations of the different states was shown for the 605QDs.
As mentioned further experiments with a faster response detector are necessary
to confirm these findings and further investigate. The non-linear dependence that
seemingly appeared is intriguing as that is the very core of super resolution microscopy methods. As one of the ideas initially was to explore the possibility of
using lifetime properties of QDs for super resolution microscopy methods this is
what one could hope to find and confirm. Methods taking advantage of lifetime
properties and connected changes have already been shown [32, 37, 38], however
none so far have utilized QDs. Many of these methods rely on data separation
image reconstruction through fitting, while it also should be possible to use other
techniques such as time gating for example. The possibility of using lifetime properties of QDs for super resolution methods can at the very least not be rejected
from the results presented here, instead they hold promise for future investigations.
Lifetimes were definitively affected by adding the STED beam however. Even
if the powers used here were in the high part of the STED laser power range,
lower powers would most likely cause similar effects since the results suggested that
the measurements were made in a saturated zone of the power range. Moreover
this is reinforced by previous work on lifetimes affected by depletion beams of much
lower power [32]. While these results were perhaps the most expected, as stimulated
emission is a close to universal and well-understood process for many different types
of fluorophores, the amount of change induced by the STED beam, both for the
lifetimes themselves and also the amplitude coefficients, is exciting for future work.
Fluorescence decay where both lifetimes of a bi-exponential decay can be altered by
at least a factor of two holds promise for lifetime-based super-resolution methods
where QDs inside a normal confocal PSF can be separated based on their decay
characteristics. Moreover, it is important to note that QDs with longer lifetime
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components, such as the 565QDs in this work, would be more suited for any type of
microscopy method based on lifetimes changing with illumination intensity. This is
because they would require less intensity to induce the changes in lifetimes necessary
to separate the QDs based on the lifetimes. Imagine for example that it is possible
to separate two QDs where one lifetime component change with 2 ns. This change
would be realized at a much lower intensity difference for QDs where this component
is 10 ns than QDs where it is 1 ns at a baseline intensity. Lower light intensities is
positive as it means simpler and more affordable setups, less photo-bleaching and
in the end greater possibilities for different applications of a method.
While STED microscopy have been shown to work with QDs beforehand, it was
as mentioned only with either heavily modified QDs, such as additions of doping
materials or extremely thick shell coating, or QDs into the near-infrared part of the
spectrum. What is shown here is that STED can work also with QDs of popular
composition such as CdSe/ZnS with a shell thickness of single to a few mono-layers
and with an emission band in the yellow part of the spectrum, with a CW STED
laser. Although STED beam excitation was a real problem it can be overcome
by subtracting a STED only image from the normal image. This works very well
under a few conditions; the photon count must be high enough to avoid detrimental
statistical photon count variations per pixel and the QDs must not bleach during
the image acquisition sequence. The excitation and STED power used also has to
be taken into consideration, seemingly to a greater extent than normal due to the
problems explained, to see a resolution improvement.
STED microscopy is one of the most applied super-resolution microscopy techniques today, owing to its early development, wide application areas and the fact
that a range of different fluorophores can be used. To add QDs to that pool of fluorophores could increase the usefulness of the method by allowing new properties
to be utilized, such as the slow photo-bleaching or high quantum yield. As for the
experiments presented here they hold promise for the possible use of this type of
QD with wide-spread STED setups of corresponding laser ranges, compatible with
commonly used green dyes. Further investigations have to be done to moreover
fine-tune the experimental parameters so as to minimize the STED excitation and
maximize the resolution improvement. One possible improvement is line-wise alteration of the image acquisition of the excitation plus STED and STED only image,
to suppress any possible effect of photo-bleaching. While it was not explicitly visible in these experiments it might become a problem for time series acquisition or
similar techniques that could be possible to do with the combination of QDs and
STED. A possible next step would be to test the technique with cell samples immunostained with antibody-covered QDs in order to see if some properties change
due to the inevitable alterations of the QDs or the changed environment.
While the road may be long in some cases, these summarized results show
that there is no reason to disregard QDs as viable alternatives to commonly used
fluorophores for super-resolution microscopy. While they might require some special
care and thought due to their extraordinary properties, the advantages of using QDs
could be well worth the work. They could open up new possibilities for advances in
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the current techniques but also allowing new, better and perhaps more specialized
techniques to be developed in the field.

Appendix A

Appendices
A.1

Deconvolution script (MATLAB)

The custom deconvolution script written in MATLAB. Based on the original script
written in Fortran by Ying Fu, this is the translated version. It requires a manual
input that is the bin range of the IRF to be used, here the 40 first time bins, which
should be based upon knowing where the IRF falls down to a background level. The
part of the measured IRF with solely noise is not needed for the deconvolution.
function [ dec ] = d e c o n v o l u t i o n F u n c ( IRF , nondec )
% S i z e o f B−m a t r i x s h o u l d be 2−5 t i m e s t h e s i z e o f H,
% i . e . t h e e f f e c t i v e b i n r an g e o f t h e IRF w i t h o u t n o i s e .
close a l l
V=zeros ( 1 0 2 4 , 1 ) ;
H=zeros ( 2 0 0 0 , 1 ) ;
B=zeros ( 1 0 0 ) ;
dec = [ ] ;
IRF ( end+1:2000)=0;
nondec ( end+1:2000)=0;
H( 1 : 4 0 ) = IRF ( 1 : 4 0 ) ;
M=40;
N=100;
f o r I 1 = 1 : 1 :N
N1=I1 −(M−1);
i f N1<1
N1=1;
end
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f o r I 2=N1 : 1 : I 1
B( I1 , I 2 )=B( I1 , I 2 )+H( I1−I 2 +1);
end

end
Binv=inv (B ) ;
C=complex ( 0 . 0 , 1 . 0 ) ;
f o r M= 1 : 1 : 1 0 0 0
f o r I 1 = 1 : 1 :N
f o r I 2 = 1 : 1 :N
V(M) = V(M)+imag (C∗ Binv ( I1 , I 2 ) ∗ nondec (M+I 2 ) ) ;
end
end
end

dec ( : , 1 ) = abs (V/norm(V, Inf ) ) ;
return
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