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ABSTRACT

Temperature is one of the fundamental physical state variables through
out most scientific and technological applications. Its influence ranges
from the microscopic rate of chemical reactions to the macroscopic
mechanical properties of construction materials. However, measur-
ing temperature is not always as straight forward as it may seem,
especially if a high degree of precision is required. Obstacles in the
assessment of the temperature of an object can be feedback loops
between instrument and measurand or a susceptibility to external
fields. Optical thermometry is able to overcome many of the common
challenges by offering for example non-contact measurements. There
are many different optical temperature sensor concepts, ranging from
fiber based sensors to thermal radiation cameras. Among those, this
thesis focuses on the temperature measurement with optically active
nanocrystals. This approach emerged around 2010 and can be incor-
porated in many applications. The first part of this thesis provides the
underlying theoretical principles and physical correlations. After that,
different optimization routes for both thermal and spatial resolution,
respectively, are presented in the separate chapters. The results that
were achieved in the context of this work were also published in [1-3].
First, a numerical model was developed to incorporate the influence
of different pumping regimes in nanothermometry measurements.
Through these calculations, it was shown that pumping sources either
in the picosecond regime or continuous emitting lasers minimize the
temperature error. Following this, the experimental characterizations
of different nanocrystal systems are presented. The temperature reso-
lution was determined for a dispersion of Pr:YLF nanocrystals and a
polymer fiber doped with Er,Yb:YNaF nanocrystals. Particularly the
fiber based approach helps to optimize the temperature resolution
and with values of roughly 20 mK a significant upgrade to many cur-
rently used thermometers was provided. Lastly, a numerical concept
to optimize the spatial resolution of measurements by utilizing stimu-
lated emission depletion is presented. By combining this microscopy
technique with doped nanocrystals it was shown that non-contact
3-D temperature measurements even below the diffraction limit are
possible, while still maintaining single degree precisions in terms
of temperature. This numerical work constitutes an important step
towards voluminous temperature measurements with high spatial
precision. Future developments that lie ahead in nanothermometry
are discussed in the concluding section.
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ZUSAMMENFASSUNG

Die Temperatur ist eine der grundlegenden physikalischen Zustands-
grofien in den meisten wissenschaftlichen und technischen Anwen-
dungen. Ihr Einfluss reicht von der mikroskopischen Geschwindigkeit
chemischer Reaktionen bis zu den makroskopischen Eigenschaften
von Baumaterialien. Das prizise Messen von Temperaturen stellt aller-
dings oftmals noch eine grofse Herausforderung dar. Hindernisse bei
der Bestimmung der Temperatur eines Objekts sind zum Beispiel Riick-
kopplungen zwischen Messgerat und Messgrofie oder die Anfalligkeit
des Sensors fiir externe Felder. Die optische Temperaturmessung ist
in der Lage, viele dieser Herausforderungen zu iiberwinden, indem
sie beispielsweise beriihrungslose Messung bietet. Aktuell verwendete
optische Temperatursensorkonzepte sind beispielsweise faserbasierten
Sensoren oder Warmestrahlungskameras. Inhalt dieser Arbeit ist die
Temperaturmessung mittels optisch aktiver Nanokristallen. Dieses
Messkonzept wurde um 2010 entwickelt und bietet aufgrund der Viel-
falt an aktiven Materialien eine sehr flexibel anwendbare Plattform.
Der erste Teil dieser Arbeit erklédrt die zugrunde liegenden theore-
tischen Grundlagen und physikalischen Zusammenhénge. Danach
werden drei verschiedene Optimierungswege, sowohl fiir die thermi-
sche als auch fiir die rdumliche Auflosung vorgestellt. Die erreichten
Ergebnisse wurden dartiiber hinaus in Fachartikeln[1-3] veroffentlicht.
Als erster Ansatz wurde ein numerisches Modell entwickelt, um den
Einfluss von verschiedenen Pumpregimen bei nanothermometrischen
Messungen zu berticksichtigen. Durch diese Berechnungen wurde ge-
zeigt, dass Pumpquellen im Pikosekundenbereich oder kontinuierlich
emittierende Laser den Temperaturfehler minimieren. Im Anschluss
daran wurden verschiedener Nanokristall Systeme experimentell cha-
rakterisiert. Die Temperaturauflosung wurde ermittelt fiir dispergierte
Pr:YLF-Nanokristallen und eine Polymerfaser, dotiert mit Er,Yb:YNaF-
Nanokristallen. Insbesondere der faserbasierte Ansatz ermdoglichte
es sehr niedrige Auflosungen von etwa 20 mK zu erreichen und bie-
tet damit eine deutliche Verbesserung zu vielen derzeit verwendeten
Thermometern an. Danach wird ein numerisches Konzept zur Optimie-
rung der Ortsaufldsung von Temperaturemessungen durch Nutzung
der stimulierten Emission vorgestellt. Durch die Kombination dieser
Mikroskopie Technik mit dotierten Nanokristallen konnte gezeigt wer-
den, dass beriihrungslose 3-D-Temperaturmessungen auch unterhalb
der Beugungsgrenze moglich sind, bei gleichzeitigen einstelligen Ge-
nauigkeiten in Bezug auf die Temperatur. Im letzten Abschnitt dieser
Arbeit werden weitere Ausblicke auf zukiinftige Entwicklungen in der
Nanothermometrie diskutiert.
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Part1

INTRODUCTION






DEFINITION OF TEMPERATURE

There are only few quantities that play a part in the description
of nearly all physical phenomena. Among those, temperature finds
a special place, as it is both, easy accessible even in non-scientific
contexts, and yet sometimes seems difficult to define for example in
microscopic dimensions. Therefore, the first chapters aim to provide
an understanding of the definition of temperature, briefly explain
the historical context of their evolution, and identify the temperature
regions as well as applications where lanthanide doped nanocrystals
can be used.

Temperature is mostly measured in one of the three quantities
Kelvin (K), degree Celsius (°C) or degree Fahrenheit (°F), of which
only Kelvin and Celsius are of importance in the scientific commu-
nity and consequently in this thesis. A schematic overview of these
scales is given in Figure 1.1, alongside with important macroscopic
measurable phase transitions in water. The reason these phase transi-

Melting Point Boiling Point

Absolulte Zero of Water of Water
0 273.15 373
: > C
273.15° 0 100°

Figure 1.1: Schematic overview of two different temperature scales namely
Kelvin and Celsius.

tions are included is that in early days they were used as calibration
points. However, this calibration was not very precise, as for example
the boiling point of water also depends on the pressure. Still, if the
other influencing factors are controlled boiling water yields a robust
calibration because once the corresponding temperature, of roughly
100°C, is reached any additional input energy is used for the phase
transition and does not further increase the temperature. This stability
in the presence of two different phases was used by Anders Celsius in
the 18th century to define the Celsius scale [4], which to this day is
still the most used temperature unit. Therefore throughout this thesis
absolute temperatures will mostly be given in Celsius as this provides
an easier understanding for readers.

The second temperature unit, the Kelvin, was first invented by and
consequently, named after the Irish physicist William Thomson, the
first Baron Kelvin in 1848 [5] Thomson saw the need for an absolute
temperature scale with a zero as the lowest value. He calculated the
corresponding Celsius value to be -273°C and kept the proportionality
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to the Celsius scale. In 1954 the Kelvin was redefined and connected
to then triple-point of water, with the absolute zero being the 273.16th
part of the corresponding temperature [6], to ensure continuity in the
definition. This description was then used until the World Metrology
Day the 20oth May 2019 [6]. On this day, as result of efforts made
to link the standard international (SI) units to fundamental physical
constants, the definition of the Kelvin was again changed and the unit
is now expressed depending on the Boltzmann constant kg, which is
mostly used to link temperature and energy. The temperature change
AT equal to one Kelvin is by this definition equivalent to an energy
difference of one times kg, and therefore, approximately 1.38x10" 2]
[6].

Although it may be the most universal definition, the direct conver-
sion of K to J leads to the question whether a distinctive temperature
unit, besides the Celsius is even necessary in a scientific context or if
knowing the energy might be sufficient. One obvious answer for that
is again continuity both in experiments and engineering. However,
this questions helps to understand the aforementioned problem of
temperature definition in microscopic environments and the establish-
ment of an absolute zero temperature. Considering bulk materials, the
classical approach to describe the temperature of an atom at position i
with mass m and velocity v; is derived from its kinetic energy [7] by

1 3
<2m’012> - EkB’Ti. (1‘1)

This approach therefore seems to assign distinct temperature values
to single atoms and the feasibility of atomic level temperatures have
been extensively researched. One way to address this is in the context
of thermodynamics and entropy [8-10] and a correlation between the
average temperature (T) of particles in a system and its temperature
To with

kg

(T) =Ty (1 + CVN> (1.2)

was derived. Besides the temperatures, the Boltzmann constant and the
specific heat cy, Equation 1.2 contains the number of particles N and
as a result, the temperature uncertainty is therefore anti-proportional
to N [9]. Another approach is to connect the minimum size of region
with fixed temperature to the phonons inside a material [7] and this
proposes the length of the mean free path of the phonons as the
minimum size of regions with a fixed temperature. Both of these con-
siderations share the aspect that microscopic temperature definition
can only be applied to a certain size and statistical effects need to be
considered for small regions.

Besides the spatial extensions, the maximum amplitude of temper-
ature is also worth to look at. As mentioned before, the Kelvin scale
aims to include the value of absolute zero temperature which judging
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by Equation 1.1 would occur if particles were motionless. Even if the
uncertainty principle prohibits such particles, because in this case
both impulse and location of the particle would be exactly defined,
very low temperatures have already been reached, as shown in Figure
1.2. One way to estimate the opposite site of the scale and to gain
a theoretical value for the highest temperature possible is based on
black body radiation. The result of this calculation is called the Planck
temperature [11] and is approximately 10°* K. The reasoning behind
this, is that every body radiates light with a wavelength depending
on the temperature of the body and therefore the shortest possible
wavelength should correspond to highest temperature that this body
possibly could have.

Even though these absolute temperature limits are interesting re-
search topics, this work focusses on a temperature range from -50 °C
up to 100 °C since the vast majority of practical applications are found
in this range. Figure 1.2 shows a small overview of different tempera-
tures observed in nature or evaluated through experiments. This small
set can already be used to identify some of the requirements tempera-
ture measurement methods need to fulfil. For instance, monitoring the
temperatures inside a human body and a lithium battery may seem
like a task for the same thermometer, as the expected measurement
range is comparable. However, due to external constraints, such as
non-toxicity for medical applications or insensitivity to electrical fields
the actual used sensor can be fundamentally different. Another ex-
ample can be connected to the material parameters of mercury. The
highest naturally occurring temperatures on the surface of earth of
82 °C could easily be measured using standard mercury thermome-
ters, whereas the counterpart falls below the melting point of mercury,
as shown in Figure 1.2, and therefore cannot be accessed with this
particular system.

These constraints highlight the need for suitable thermometers de-
pending on the environment. In addition to that the spatial resolution
required to obtain the desired value might even differ in a single
environment, which can be illustrated by the difference between mea-
surement of the human body temperature and the temperature inside
a human cell. The following chapter therefore provides the funda-
mental principles of temperature measurement both in macroscopic
and microscopic applications and describes where lanthanide doped
nanothermometers find their place among them.
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Figure 1.2: Overview of temperatures found in nature, engineering and biol-

ogy.



METHODS OF TEMPERATURE MEASUREMENT

The distinction between temperatures is one of the most fundamental
measurement concepts in human history. Its origin dates back to early
humans subjectively differentiating between hot and cold objects to
avoid or inflict injuries, and evolved from there on alongside the
progress in science for example to modern nanoscale high resolution
measurements.

The first documented attempts to objectify the methods were made
by Galileo and others in the early 17. century [19]. One exemplary
principle was to connect tubes filled with air to a liquid reservoir. If
the air tube was placed in the sun light it expanded and therefore
produced bubbles inside the water. This rudimentary setup was first
used not as a thermometer, but rather as a thermoscope, because of
the lack of quantification of temperature changes. Nevertheless, it is
regarded as one of the first steps in the long evolution of temperature
measurements methods.

The next major breakthrough in thermometry can be connected
to the definition of temperature scales, as mentioned in the previous
section. This innovation enabled independent calibration and therefore
comparable measurements. Many different physical or chemical effects
were investigated in terms of temperature sensitivity since then. The
sensitivity S of a quantity X to temperature changes [19]

X

S—a—T.

(2.1)
was the main inclusion requirement. However, additional criteria can
be identified which can be applied in the evaluation of thermometers

[19].

1. Unambiguous Response. A clear correlation between tempera-
ture and sensor signal is the fundamental requirement for a
temperature sensing. For example, the density of water is not
usable to measure temperature changes around 4° because of
the maximum density at this temperature. In more sophisticated
measurements ambiguity can be caused by the correlation of
different effects, that may arise inside the thermometer through
temperature changes.

2. Sensitivity. The temperature resolution of the sensor needs to
match the relevant temperature changes inside the regarded
system. For instance, the activity in biochemical processes is
heavily influenced by temperature changes of a few degrees.
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3. Stability. A basic requirement of a physical measurement is stabil-
ity or reproducibility. This criterion guarantees the comparability
of different measurements conducted by different persons.

4. Measurement Range. The thermometer chosen for a specific ap-
plication needs to cover the whole range of possible occurring
temperatures. Because of this, the required range depends on the
utilization, and very demanding measurement tasks may justify
the usage of thermometers with a very small range. Still, for
evaluations of sensor concepts a wide range is always beneficial.

5. Thermometer Size. Thermometers always measure their own tem-
perature and this value can only be accurately translated to the
surrounding media if the thermal exchange between both is
efficient enough. This efficiency of this exchange is for one is
enhanced by a high surface-to-volume ratio. Besides this, the
spatial resolution of the temperature also depends on the ther-
mometer size, and therefore small thermometers are preferable
in high resolution measurements.

6. Heat Capacity. The heat capacity is a parameter which affects
the sensitivity of a thermometer, as it determines the amount of
energy input necessary to increase the thermometer temperature
by one degree. A minimal heat capacity is additionally desired
because it minimizes the influence of the measurement on the
sample.

7. Response. Comparable to the wide range the measurement needs
to be fast enough to follow temperature changes or else only
averaged values can be obtained in the case of rapidly oscillating
temperatures.

8. Robustness against external influences. The temperature measure-
ment needs to be independent of additional external influences,
like for example electric or magnetic fields.

9. Usable Output. This last requirement, may again strongly de-
pend on the application, but it is crucial that the sensor readout
is easily accessible to ensure the validity of the temperature
measurements.

This list can be applied to the plethora of possible thermometers
with the purpose of narrowing them down to the nowadays known
concepts. The most commonly used thermometers are electronic and
optical sensors, and the benefits of the available methods are discussed
in the following sections in terms of macroscopic and nanoscale tem-
perature sensing.

Generally, this thesis focuses on optical temperature measurements
and more specifically the utilization of optically active nanocrystals.
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Optically excited lanthanide doped nanocrystals were added to variety
of optical thermometers in the early 2010s [20]. This was enabled by
the discovery that the temperature based emission characteristic of
these nanocrystals is a reliable measurand, with a high sensitivity and
easy readout possibilities. More specifically, these nanothermometers
utilize spontaneous emission and the fact that the strength of this
emission depends on population density of the excited energy state,
which subsequently depends on the temperature.

The first step of a temperature measurement consists of a collec-
tion of the emission spectrum after optical excitation. Following this,
emission lines originating from different energy levels need to be
identified, and the integrated intensity is accessed either by fitting the
spectrum or simply by integrating the data. The ratio of two emission
intensities is calculated and by comparing this ratio to calibration data
the temperature can be obtained. The temperature resolution depends
on the sensitivity and the signal-to-noise ratio of the measurement. A
more detailed description of the underlying physical principles can be
found in Chapter 5 of this thesis.

In a more abstract way, the potential of nanothermometry and
nanocrystals can also be deducted by accessing the number of publi-
cations and citations per year, as shown in Figure 2.1. Two exemplary
search terms were used in Nanothermometry and Lanthanide Nanocrys-
tals. It can be seen that the research fields correlated to this searches
take off around 2010 and 2005, respectively, and both show rising
behaviour but seem to reach a plateau, depicted in Figure 2.1a. The
number of publications and citations of the year 2021, however is pre-
liminary due to the access date the 26.06.2021. The citations given in

é 250-I: N;Ianothflsrmoﬁnetryl%zé | 2 15000f -+ Nanothermometry ;f' 1
5] Lanthanide 4 2 12500F  Lanthanide s
= 200r== q . | ‘
g Nanocrystals 5 10000+ Nanocrystals §
3 [
£ 150 5 7500¢ ;
o] a 14
g 1001 | £ so00f J
’d
E 50 —__1- 5 2500 ;
- Z '.
N AL LU L, ol - _
1995 2000 2005 2010 2015 2020 1980 1990 2000 2010 2020
Year Year

(@) (b)

Figure 2.1: Amount of publications and citations over the years. Data
collected using the search terms "Lanthanide Nanocrys-
tals" and "Nanothermometry" inside the search engine
https://apps.webofknowledge.com/ with date of access 26.06.2021.

Figure 2.1b even appear to rise exponentially which could hint at the
ongoing implementation of nanothermometry in various applications.

An overview of the most prominent research fields belonging to the
publications is presented in Figure 2.2. Material science and chemistry
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0 25 50 75 100 125 150

Materials Science

Chemistry

Science Technology Other Topics
Physics

Optics
Engineering

Insturments Instrumentation

Figure 2.2: Research areas of nanothermometry publications with the pos-
sibility of overlaps. Data collected using the search terms
"Lanthanide Nanocrystals" and "Nanothermometry" inside the
search engine https://apps.webofknowledge.com/ with date of access
26.06.2021.

currently are the strongest fields, as expected. However, physics, optics
and engineering also contribute many publications. The distinction
between these two blocks can again be correlated to an optimization
of the temperature resolution. Material research and chemistry mostly
address the thermal sensitivity of a nanothermometer, whereas optics
and engineering are used to reduce the measurement error.

One of the first and to this day the most prominent material used
as nanothermometer are Er,Yb:YNaF nanocrystals. Since then many
different laser crystals have been also investigated and used in sensing
applications, such as Nd:YAG [21], Pr:YLF [22] or Yb,Ho:Y,03 [23],
but also other materials such as quantum dots like CdSe/ZnS [24].
The advantages and disadvantages of material classes e.g. energy level
structure or resilience against external fields are discussed in detail in
Chapters 3-6.

The results presented in this thesis fit into optics, physics, and
engineering, as they all provide steps to optimize the signal-to-noise
ratio, by adapting pumping regimes, doping of nanocrystals into
solids or utilizing stimulated emission.

2.1 MACROSCOPIC TEMPERATURE SENSING

For a long time period, temperature sensing was mostly done by
exploiting electronic effects, most commonly the thermally induced
resistance change. One of the most widespread sensors is the Pt1oo a
platinum based sensor with a resistance of 100 () at 0 °C. This success
story can again be explained by the aforementioned list of criteria.
Platinum based sensors provide an unambiguous response and can be
used over a wide temperature range from below -200 °C up to 750 °C
[19]. They offer a high sensitivity and temperature resolution of - 1 mK
can be achieved in laboratory setups [19]. They are small and the
signal is already measured in voltage or as current, making it is easy
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to implement these sensors in different setups. But besides all these
benefits, there are some drawbacks to this sensor type. First of all, this
measurement is contact based, which means the sensor and sample
need to share a surface. Even with little heat capacity of the sensors
this always leads to a deviation in the sample temperature. Measuring
inside e.g. biological specimen is difficult because of this. A second
draw back comes from the susceptibility to electronic fields, which
prevents the easy application of this sensor in such environments.

The other increasingly common used measurement branch is optical
temperature sensing, which can be found in multiple fields [25]. Dif-
ferent types of optical sensors are available and already implemented
in many everyday systems from motion detectors to fever thermome-
ters. These sensors may rely on the emission of thermal infra-red (IR)
radiation like IR cameras, or on temperature induced deviations of the
light transmission as demonstrated with fiber thermometers. Again
each of the sensor concepts has specific advantages and disadvantages.
IR cameras infer temperature from a portion of black body radiation
emitted by a specimen. Current devices are able to resolve temperature
changes smaller than 0.1 K [26], but only if the emissivity is known.
This is often not the case, especially for exotic or unknown materials.
Furthermore, the specimen must have a particular size and volume
which makes this method unsuitable for temperature sensing in gases.
Current fiber based sensors are mostly manufactured by inscribing
Bragg gratings inside optical fibers (FBG). These gratings reflect light
[25] depending on the grating constant, which in terms is influenced
by the fiber temperature. Optical thermometers based on FBGs offer
all the benefits of optical fibers, such as spatial separation between the
monitoring place and most of the other equipment. However, mechan-
ical deformation of the fiber also influences the grating constant and
with that distort the measurement.

In this thesis, a different concept was chosen for macroscopic tem-
perature sensing and a fiber doped with nanocrystals was used. As
shown in later chapters, this fiber thermometer shows an exceptionally
good temperature resolution and still maintains all advantages of fiber
based measurements.

2.2 NANOSCALE TEMPERATURE SENSING

Another way to benefit from nanocrystals is by utilizing them as nan-
othermometers due to their size. They can be flexibly doped inside
different host media or dispersed in various solutions. This makes
them a suitable candidate for temperature sensing in confined spatial
regimes. There is a growing need for such temperature sensing solu-
tions [27] following the technical evolution of microscopic devices or
the medical progression in identifying interactions on protein level. A
substantial effort was made to improve the spatial resolution Ax, rang-

11
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ing from contact measurements similar to atomic force microscopy to
contact-less fluorescence nanothermometry [27]. For example, scan-
ning thermal microscopy is able to resolve features below 5o0nm and a
temperature uncertainty in the range of 1073 K [27]. This method is
based on the atomic force microscopy, where a sensor tip is precisely
positioned relative to a sample to measure e.g. surface roughness.
In the case of scanning thermal microscopy, a temperature sensitive
material is used as the tip enabling the high spatial resolution. Still,
because it is directly applied to surface measurements and the sur-
face quality of the sample remains a limitation of the measurement.
Raman thermometry [27] is another method where the temperature
is acquired by measuring the ratio of Stokes and anti-Stokes shifted
responses. Raman thermometry is therefore limited by either the spot
size or the sample dimension to enable high resolution.

Besides these and other mostly contact based procedures, contact-
less fluorescence thermometry was also applied and by using the
organic dye Rhodamine B as active material spatial resolutions of
5oonm with a thermal resolution of 5°—10 °C were achieved [28]. The
major restrictions of this approach were the laser induced degradation
of optical dyes and the spot size of the excitation laser. While the
first one could be avoided with carefully timed illumination periods
[28] the latter one still remained as fundamental border. Also the low
signal-to-noise ratio partly caused by the excitation restrictions due to
degradation, prevents more precise temperature measurements [28].
The approach presented in this thesis via the development of a numer-
ical model is stimulated emission depletion (STED) nanothermometry.
This method potentially overcomes all of the mentioned restrictions, as
nanocrystals do not show photodegradation, and with the STED based
approach the spot size of the excitation beam also loses its boundary
character. The numerical model was used to calculate signal-to-noise
ratio values achievable with a spatial resolution below the diffraction
limit, and these values were then used to calculate temperature resolu-
tions of currently used lanthanide doped nanocrystals. The results of
these calculations indicate that STED nanothermometry can be used
to push the spatial resolution limit below the diffraction limit. This
improvement comes on the cost of a reduced temperature resolution
but even with currently available nanocrystals resolution in the range
of £ 1K should be reached and further optimization of the active
materials may further push this value.
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ENERGY LEVELS IN LANTHANIDE IONS

Lanthanide ions, also commonly known as rare earth elements, are
often used as active material in optical applications ranging from high
power Nd:YAG lasers to luminescence based sensing approaches. They
are used in both macroscopic bulk crystals and nanocrystals and the
reason for this is their unique electron configuration.

The rare earth elements consist of yttrium, lanthanum and the
elements found in the f-block inside the sixth group of the periodic
table. All rare earth ions share an electron configuration similar to
xenon (Xe) [29] with additional electrons added to the 4f, 5d, or 6s
shell, respectively. In the majority of cases, the optical transitions
are located inside the multiplets of the 4f shell. However, in recent
years applications of 4f*5d transitions also gained a lot of interest
[30]. These reason that these transitions are of particular interest is
the shielding of the 4f* shell by the completely filled 5s, 5d shells
and partially filled 6s® shell [30, 31]. This shielding strongly reduces
the coupling to external fields e.g. caused by the host medium, and
therefore minimizes the distortions of spectral characteristics of the
emission lines compared to a free ion.

The mechanisms that cause splitting of energy levels as well as
the resulting line shape are the contents of this chapter. The expla-
nations aim to deepen the understanding of emission measurements
conducted from lanthanide doped nanocrystals, which constitute the
main part of the temperature measurements discussed in this thesis.

3.1 THEORY OF LEVEL SPLITTING

Energy level diagrams describing a single atomic shell often consist
of a multitude of energy levels. This occurrence of multiple levels
due to level splitting is caused coupling effects inside the single ion
and also by additional effects originating from the host medium. The
splitting of energy levels is of importance to this thesis as it is the
main base of the observed spectroscopic properties of active materials.
Therefore, detailed looks on the underlying mechanisms are necessary
to evaluate the later on presented measurement data.

The positions of the energy levels in the absence of a crystal field
can be calculated by the Hamiltonian for the associated 4-f shells [29]

hz N N Zeffe N 62 N
~5 Y A — Z Lt Z P Z (ri)sil;. (3.1)
i=1 i=1 ! i<l U] i=1

15



16

ENERGY LEVELS IN LANTHANIDE IONS

This equation contains the electron mass m, the number of electrons
inside the 4-f shell N, the effective charge of the nucleon due to the
protons inside the core Z.g, the spin orbit coupling strength {(r) which
depends on the distance of the electron and the core 7 and the quantum
numbers s and 1 for spin and angular momentum, respectively. The
operators are summarised over all i electrons. In a more descriptive
approach the different parts of the equation can be assigned to specific
physical mechanisms and the expression is written as

H = Hke + HNoyt + Hyf—45, T Hso- (3-2)

Here the first part accounts for kinetic energy (KE) of the electrons, the
second part describes the interaction of the electrons and the protons
inside the core (N-4f). The third part includes coulomb interactions
of the two electrons with the indices i and j, respectively, and lastly
the spin orbit interactions (S-O) are factored in. Both, the influence
of kinetic energy and the interaction of protons and electrons are
negligible compared to the latter two terms of the sum. The hierarchy
of the splitting mechanisms is depicted in Figure 3.1, with typical am-
plitudes of Coulomb and spin-orbit splitting of 10* cm~! and 10®cm ™!,
respectively.

Coulomb Splitting Spin-Orbit Splitting
/
— /
:; /
XS / .
= / -
20 / - - - =
E-'J r -7 RS
= ¢ ~
[Sa]
4f Shell L L,

Figure 3.1: Different energy level splitting mechanisms present in a free ion.

After the different splitting mechanisms are accounted for, the actual
term symbol for the energy sub-level is formed as illustrated in the
following for Erd*. First, the notation is introduced, which is based on

— —

the quantum numbers L:‘ f)‘ with T = Y l'iand S:‘ S ‘ with § =
Y, 5, for the total angular momentum and total spin, respectively [31].
Therefore, the notation is called LS coupling scheme [30] or Russel-



3.2 SPECTRAL LINE SHAPE

e =
Sanders notation. The total angular momentumis | = L + S and
with that the energy levels are referred to as

25+1L].

Trivalent erbium has the electron configuration [Xe]*f11. The value
of the total angular momentum for the f-shell is 3, as shown in 3.1.
The maximum quantum number my; is equal to 2L+1 ant therefore 7,
meaning 7 electrons with a parallel spin can be placed in this shell. The
electron spins are aligned to ensure a maximum spin value, according
to Hund’s rule [32], and the total spin resulting from 11 electrons is
7x1/2+4x —1/2 = 3/2. The summarized angular momentum L is

Llolr|al5lals5]6]7
Symbol | S|P |D|F|G|H|I]]J

Table 3.1: Convention for the symbols to describe different orbitals in an
atomic shell [32].

equal to 6, which corresponds to the letter I, again shown in Table 3.1.
Lastly, J is formed for by adding the two values and the resulting term
symbol is *I;5 5.

Additional external perturbations caused by the host medium can
further introduce a Stark splitting in the order of 10> cm™! and lead
to a distribution of Stark levels inside the atomic shells [33]. This
splitting is significantly weaker than the mechanisms presented in
3.1, but a shift of 10?2 cm ™! has still a major influence in fluorescence
measurements, as introduced in the following chapters.

The influence of the host crystal field (CF) can again be presented by
the corresponding Hamiltonian and the external potential is defined
by

Herp=)_ B’;Cq(k)(i)- (3-3)

ibk

B is a parameter accounting for the crystal field, C is a tensor operator
of spherical harmonics and the indices i, b, k as indices for different
crystal axis and electrons [30]. In general, this crystal field influences
the level degeneracy and causes a shift of the emission to lower
energies, also called the nephelauxetic effect [34]. The amount of
non vanishing terms in Equation 3.3 decreases for higher degrees of
host crystal symmetry.

3.2 SPECTRAL LINE SHAPE

The line shape of an emission line is mainly determined by the en-
ergetic distribution of Stark levels in the upper emission level. Even
though in practical measurements the actual number of Stark levels
and their energy characteristics is not always accessible, due to a lack
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of spectral resolution, a general knowledge of the possible splitting
effects helps to interpret the emission spectra, as shown in Figure 3.2.
Moreover, it helps to assures a correct assignment of emission lines
to energy levels as needed to build the emission ratio used in fluo-
rescence based temperature measurements. As seen in the Figure 3.2,

Gaussian Shape Lorentzian Shape
=Inhomogeneous broadening ~ =Homogeneous broadening

Summarised
Energy levels

Figure 3.2: Spectral line shape of the emission from energy levels caused by
the Stark splitting. Both cases of line broadening are shown by
their characteristic shape, the Gaussian and Lorentzian distribu-
tions.

the measured spectral shape of the emission originating from a single
energy level is formed by a superposition of the emission lines of the
single Stark levels. Mathematically the shape of the emission lines
can then be approximated by summarized Gaussian or Lorentzian
functions, that are defined by

)2
G(x,pu,0,A) = Aexp <(x202y)> (3-4)
and
o2
L(x,u,0,A)=A <(x—pt)2+(72> , (35)

respectively [35]. The parameters in these equations are the transversal
x coordinate, the center value y, the width ¢ and the amplitude A.
The two different functions are used to account for the two different
mechanisms that cause line broadening, with the Gaussian distribu-
tion correlating to inhomogeneous broadening and the Lorentzian
distribution for the case of homogeneous broadening. These mecha-
nisms are for example interactions of the excited ion with phonons
in the host crystal or emission shifts due to the Doppler effect [35].
The sum of all mechanisms defines whether inhomogeneous and
homogeneous broadening is present. If all particles in a sample are
subjected to the identical line broadening mechanisms the resulting
line shape is homogeneous broadened. If different effects are present
than inhomogeneous broadening occurs. Purely homogeneous line



3.2 SPECTRAL LINE SHAPE

broadening therefore only appears for isolated ions, because else small
difference between even two emitting ions can always be expected. In
the case of nanocrystals, this differences are e.g. caused by quench-
ing to the surrounding material which strongly varies depending on
the position of the ion inside the crystal [36]. Therefore, in nanother-
mometry measurements inhomogeneous broadening is expected to be
dominant.

However, even in this case an overlap of Gaussian and Lorentzian
can be present and different types of weighted Voigt function are
then often used to approximate the spectral shape of an emission line.
One specific type, the Pseudo-Voigt function [37], consists of a linear
combination of a Gaussian function and a Lorentzian function, with
an added weighting factor v and is therefore equal to

V(x,u,0,A) =vL(x,u,0,A)+ (1 —v)G(x, 4,0, A). (3.6)

This function allows for a flexible fitting of emission data and with that
an allocation of emission peaks to different energy levels. Therefore,
all fitting routines presented in this thesis were carried out using the
Pseudo-Voigt function.
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INTERACTION OF LASERLIGHT WITH
NANOCRYSTALS

Laserlight can interact with matter in various ways [38] and this chap-
ter gives an overview for the ones most relevant in the context of
nanothermometry being, absorption of photons and spontaneous or
stimulated emission of photons [39]. Especially the ability to spon-
taneously emit photons is the basis of the measurement principle
presented in this thesis, which will be discussed in Chapter 5.

All three mechanisms depend on population densities of the in-
volved energy levels.

The first section is dedicated to the derivation of a set of rate equa-
tions to calculate the population densities and to estimate the corre-
sponding changes in photon density by either absorption or emission.
The second section provides a survey of temperature effects on the
nanoscale and mainly deals with the role of laser induced heating and
its influence on the temperature readout in emission based tempera-
ture measurements.

4.1 POPULATION DYNAMICS IN ACTIVE MEDIA

For this thesis the three dominant interaction mechanisms of light and
matter are absorption, spontaneous emission, and stimulated emission.
A schematic representation of the related electronic transitions is
shown in Figure 4.1. As depicted, photons can be absorbed by electrons

A (a) (b) (c)
— €
5 | N
8
>
0 hv—>
3 hv—> hv—> hv—> hv
Lﬁ v—>
Nj -
e

Figure 4.1: Interaction of light and matter as shown by the transitions be-
tween electron energy levels with the population densities Ny
and N caused by (a) absorption, (b) spontaneous emission and
(c) stimulated emission.

which results in a transition of the electron to a high energy level. The
energy difference between both energy levels has to be equivalent to
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the energy of the absorbed photon hv. The time dependent rate of this
transition in population densities Ny and N is described by

ANy

dt
with n as the number of incident photons per area and time [35].
The relation of incident photons and electrons is weighted with the
absorption cross section ,ps, which is a measure of the transition
probability [35].

The absorption process leaves the electron in an excited state. These
electron states are mostly metastable and have a statistical lifetime 7.
If the electron transitions back into the ground state, another photon
with the energy hv is emitted undirected. This emission process is also
known as spontaneous emission or fluorescence and its rate is given

by

= Tl(TabsN() (41)

Ny 1
_—— = —— = A1oNj. .
T TNl 10N1 (4.2)

The Einstein coefficient A= 1/7 is also be used to describe the rate of
this process instead of T [35].

The third process remaining from Figure 4.1 is the stimulated emis-
sion. In this case an incident photon with energy hv stimulates the
electronic transition between the upper and lower laser level, coupled
with the emission of another photon. One peculiarity compared to
spontaneous emission is that both photons share the same polarization
and are emitted in the same direction. Similar to the absorption the
probability of this process is modelled by a cross section oems and the
variation of N is given by [35]

dNy

dt
A complete set of laser rate equations, used to calculate the population
density of an active material, is then formed by combining the different
production and annihilation operators. An exemplary set of these
equations for a two level laser is

= —Oems"Nj. (4.3)

dN- 1

7; = OapsnNo — ;Nl — Oemsn N1

AN, 1

7160 = —0psn Ny + ;Nl + Oems N7 (4-4)

Ntotal = Ni + Ny

The third equation in this set is the boundary condition for the total
electron density in the system Ny = Ny + Np.

The laser power travelling along the axis z inside the system is
calculated using the population densities and material parameters by

apa(z)t) = + Tems(A)N1P(A, z)
— Oabs(A)NoP(A, z) 45
Ny he

+ = Teems,Sp (A).BA'



4.2 TEMPERATURE EFFECTS ON THE NANOSCALE

Equation 4.5 again consists of different parts accounting for stimulated
emission, absorption and spontaneous emission. The additional pa-
rameters are €emsSp (M) as the probability for emission of wavelength A
and B, which denotes the solid angle of fluorescence that is considered
[40]. These coupled equations are solved either time dependent or in
the steady-state, both variants shown in later sections of this thesis.

4.2 TEMPERATURE EFFECTS ON THE NANOSCALE

Another possibility of a transition between an excited state and the
ground state is a non-radiative transitions. Through this transition,
energy deposited inside the system is converted to heat instead of
another photon via interactions with phonons. The following section
provides an insight into the fundamentals of laser induced heating
effects. For simplicity, radiative transfers are neglected and all absorp-
tion is assumed to contribute to heating. This could be included by
inserting the quantum defect, which is the difference between the
energy of the absorbed photon and the emitted photon, if needed.
The topic of laser induced heating in nano-dispersions has mostly
been researched in terms of metallic nanoparticles e.g. [41—44]. How-
ever, the basic principles of heat generation and transport can be
transferred to other nanocrystals classes, as only the degree of absorp-
tion and material parameters change. The main equation necessary
to understand the occurring changes of temperature T is the heat

equation [44]
oT -

pocoz = Viko(T)VdT) +qo (4.6)
which includes the density po, heat capacity ¢y and thermal conductiv-
ity ko of the material, and the source term for internal heat generation
qo-

The energy balance model is one approach to use these equations
to access the heating of nanocrystals [42]. In this model, the rate of
temperature change of the particle is set equal to the difference of the
heating rate Q; and the heat dissipation rate Qy;s;, such as

oT
mpcpﬁ = Q; — Qdiss (4.7)

The heating rate depends on the absorption coefficient & = o ps N of
the nanocrystal and the incident laser intensity I, which is defined
similar to the previous section, with

Q1 = 103N 48)

The heat dissipation can be calculated from the temperature gradient
T-Ty between particle and surrounding medium, a projected surface S
and the heat transfer coefficent h

Quiss = hS(T - TO)‘ (49)
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Figure 4.2: The maximum particle radius for local equilibrium temperature
to form depending on the time on the left y-axis. Emission life-
time resulting in statistically only 1% of photons the emitted
depending on the time on the right y-axis.

The temperature inside the nanocrystal is assumed to be homogeneous
for this calculation. This is a reasonable assumption for nanothermom-
etry measurements because the spatial resolution of the measurement
is much larger to the radius ry of a single nanocrystal.

Inserting 4.8 and 4.9 into 4.6 yields the new equation

9T _ IoasN  hS(T — T0)

= = (4.10)
ot myCp m,Cp

again with two rates for heating and cooling as the both parts of the
equation, respectively.

The consequence for nanothermometry can be easily explained for
the case of a measurement with short pulsed excitation. The temper-
ature difference between nanocrystal and surrounding media before
the measurement is negligible since both materials are assumed to be
in a steady state. The heating rate can then be attributed to the absorp-
tion of the incident laser radiation inside the nanocrystal. If a delta
pulse is assumed as heating source, the first term of Equation 4.10
vanishes and the duration t, until nanocrystal and surrounding are in
an equilibrium again is reached after this temperature disruption is
given by [44] with

tp~ —. (4.11)

In this equation yx is the thermal diffusivity parameter, and is deter-
mined by the thermal diffusivity of the surrounding media. Besides
this the time necessary for heat exchange is quadratically dependent
on the particle size represented by the radius rp.

In nanothermometry it is desired that the intensity ratio of two
emission lines correlates directly to the temperature of the host media
and not only the particle. Assuming only the particle is heated by the
pump pulse, it is therefore imminent to assure that that most of the
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photons are emitted after a local temperature equilibrium between
nanocrystal and surrounding is again reached. Figure 4.2 shows the
relation between the particle radius and the time until such an equi-
librium is reached, if a delta pulse is taken as the heating source. The
correlation between the two parameters is given by Equation 4.2. Also
depicted in this figure is the emission lifetime Tems that results in
statistically 1% of emission at any given duration.

These depicted values show for example that emission lifetimes
in the microsecond range are needed to make sure that most of the
emission occurs after the local temperature is in a steady state. This
is minimizes the effect of the time dependent particle heating on
the temperature measurement. This lifetime requirement is met for
most rare earth ions [45], again showing their potential for nanother-
mometer applications. Other optically active materials such as dyes
inhibit much shorter lifetimes [40] meaning that potential temperature
measurements need to be more cautious of the involved time scales.

This relation can also be useful to make a first assumption in terms
of spatial resolution. If 7, << Tems as desired, the resulting emission
ratio corresponds to the local temperature inside the host medium. If
the particle is then moving inside a medium with a strong temperature
gradient, this also leads to a difference in the temperature readout. In
other words, for very long emission times or fast moving particles the
spatial resolution is not only limited by the excitation function but
also by the particle movement. Additionally, potential measurement
errors may arise due to varying temperatures inside the host medium.
One way to overcome this is the suppression of emission originating
from nanocrystals outside a desired region, which can be achieved by
stimulated emission depletion, as discussed in Chapter 12.
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FLUORESCENCE THERMOMETRY

Building up on the fundamental physics of energy levels and light mat-
ter interactions described in the previous chapters, the next sections
shifts the focus to a more detailed description of the thermometry
approach. The thermal coupling caused by phonon relaxations is
described, as this is the mechanism responsible for the correlation
of temperature and emission intensity. After that the definitions for
the sensitivity and the temperature resolution are derived and the
influence of the energy gap between the emitting levels is discussed.
The last part of this chapter constitutes of a detailed discussion of
measurement errors caused by shift in the pump regime. The outlined
numerical model, as well as the presented data, was developed and
calculated as part of this thesis and are published in [3].

5.1 THERMAL COUPLING OF ENERGY LEVELS

The temperature of a collective of particles is a measure for the mean
energy, as described in the introduction. Considering that the popu-
lation of electronic states is also an indicator of the particle energy, a
direct connection between temperature and population of electronic
energy levels seems apparent. The relation of the population densities
of two energy levels Nj and N, obey the Boltzmann law and are

described by [20]
N
N, x Aexp ( kBT> . (5.1)

In this equation A is a constant used to incorporated physical con-
stants such as e.g. the level degeneracy, AE is the energy gap between
the two energy levels and kg is the Boltzmann constant, respectively.
Based on Equation 5.1 it can be seen that the relative thermal pop-
ulation depends on the energy gap and the temperature. This basic
relation is further illustrated in Figure 5.1. For this depiction, arbi-
trary energy levels with an energy defined by the Rydberg formula
E=hcRwZ>/n2[46] were used. A more detailed discussion of the Ryd-
berg formula, its parameters and its usage in the description of energy
level distributions can be found in [46]. Figure 5.1b also gives an
overview of different energy levels defined by their quantum number,
which again shows the exponential character of the relative population
and the shift with temperature.

The thermalization rate mostly depends on the relation of the energy
gap between the energy levels and the phonon energy of the host
material, as it is a phonon based process [47]. In many crystals, the
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Figure 5.1: Exemplary depiction of the thermal population distribution of
arbitrary energy levels (n=10...15) after optical excitation from the
ground state in (a). Depicted in (b) is the percentage of popula-
tions of energy levels for different temperatures.

energy gap between two energy levels, e.g. 10* cm ™! in the case of the
Coulomb splitting, is far greater that the phonon energy. Therefore
multiple phonons are needed bridge this gap. The transfer rate w
heavily depends on the number p of phonons and the relation between
lower and higher order processes given by [48]

w(p)

w(p—1)
In this equation the electron-phonon coupling coefficient € is generally
much smaller than 1 [48], and the assumption that the lowest order
dominates is therefore reasonable. Apart from p the transfer rate
depends on the occupation density of the phonon states that follows
the Bose-Einstein [48] occupation. The maximum phonon energy hvy,qx
has an average occupation 7 of

hVyax -
1 (Vinax) = [exp < kT ) - 1] (53)

Only the highest phonon energy is considered in this approach, be-
cause it corresponds to the lowest order of the transfer process. Ap-
plying this, the transfer rate is expressed as a function of temperature

by

=e. (5.2)

WF(T) = Wg (7i(v) +1)" (5-4)

with Wy being the rate at low temperatures [49]. The temperature
dependence of higher order phonon transitions is shown in Figure 5.2
and as expected the relative increase due to higher temperatures is
stronger for the higher orders. High temperatures therefore potentially
allowing for a wider range of host crystals due to the enhanced transfer
rate, as depicted in Figure 5.2. This behaviour can also be used to
estimate the order of phonon processes in a given system.

However, most laser crystals have phonon energies between 100 cm™
and 1000 cm ™! like for example YAG (700cm ! [48]), YNaF (360 cm !

1
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Figure 5.2: Temperature dependency of different orders of phonon transitions

[50]), or YLF (560cm~! [51]), and therefore, the thermalization of
energy levels with AE~10° cm~! happens via low order phonon pro-
cesses is therefore assumed instantaneous compared to the fluores-
cence lifetime [47].

5.2 TEMPERATURE RESOLUTION

In idealized systems the temperature measurement depends on the
ability to measure emission from different energy levels and the energy
gap between the two emission levels. The first part of this section
describes this idealized formalism and derives the basic formulas used
in nanothermometry. Following this, the second sections provides a
translation to real measurements by including the influence of the
populations of lower energy levels and a variation of the pump regime.

5.2.1 Idealized Temperature Resolution

Among the aforementioned mechanisms of light-matter interaction
fluorescence thermometry utilizes the spontaneous emission and more
precise the intensity ratio (FIR) of different emission lines [20]. Con-
sequently, the performance of the thermometer mostly depends on
population densities N and N of thermally coupled excited electron
states, as explained in chapter 4.1. The FIR originating from these
energy levels is temperature dependent as given in Equation 5.1 and
defined by

FIR = 2 o N2

N2 _ Aexp (—AE>

L N kgT
Variation of the temperature affects the change of the FIR with an
amplitude depending on the energy gap and also the initial value.
A schematic representation is shown in Figure 5.3. The dependence
of FIR on temperature defined by equation 5.5 is exponential but
can be linearly approximated for simplified measurements by apply-

(5.5)
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Figure 5.3: Schematic view on the influence of the energy gap AE on the FIR.
The shown AE values correspond to multiples of the Boltzmann
factor at room temperature RT of 293 K.

ing a Taylor series expansion. The approximated function P at room
temperature Ty is

P(T) = FIR(Tg) + FIR'(Tg)(T — Tx)

—AE AE (5.6)
= —— (T —T,
exp (kBTR> + kBleg( R)

and the approximation error is calculated from the difference between
P(T) and FIR(T). This error can then be used to estimate a feasible
temperature region in which the correlation between sensor read-out
and temperature is assumed to be linear. Again, it is worth noting
that this linear approximation only simplifies the measurement and
the actual unambiguous FIR response to temperature changes exceeds
this region. A schematic representation of this linearity approach and
the resulting relative error is given in Figure 5.4. The sensitivity of the
thermometer is derived from the temperature dependence of the FIR
and the FIR at a given temperature. A distinction between absolute S,
and relative S, sensitivity can be made according to [52] with

5 — dFIR _ AE

AT kgT? (57)
1 dFIR

"7 FIR 4T

and typical values range around 1-3 %/K.
Rearranging the equation for S, helps to identify the achievable
temperature resolution as

AT = S 'FIR ! AFIR. (5.8)

This examination shows the influence of the signal-to-noise ratio
expressed by AFIR on the sensor performance. Since the signal-to-noise
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Figure 5.4: Linear approximation of the evolution of the FIR and the relative
error resulting from the deviation of this approximation from the
exponential FIR values.

ratio depends on two measurement uncertainties for both emission
intensities I; and I, Gaussian error propagation is applied and the
value of AFIR follows from

oFIR

AFIR = | —
ol

9FIR
AL + | %=
2+ ‘ ol

AL b
Al = — + =AlL. .
1 I + 112 1 (5.9)

Basing on Equation 5.8 different approaches to minimize AT can be
identified. The most intuitive would be an improvement of the signal-
to-noise ratio by reducing the noise or find ways to increase the signal
e.g. through more sophisticated fitting routines.

Optimizing the sensitivity also results in an enhanced AT, but again
a differentiation between S, and S, has to be made [52]. Exclusively
increasing S, by tuning the value of AE may not lead to the desired
effects as the absolute value of FIR is also factored in this equation.
Therefore, in terms of a high temperature resolution optimization
should rather be aimed at improving S,.

5.2.2  Influence of Pump Regimes

The population densities of the lower energy levels are another im-
portant parameters for emission measurements, as the resulting re-
absorption can affect the measured emission intensities. This effect is
often neglected in practical applications, even though this may cause
measurement errors. Therefore numerical model was developed to
estimate the measurement deviations arising from re-absorption, and
the results were published in [3].

The role of this effect can be illustrated by looking at the energy
level diagram of two currently used active ions, Erbium (Er**) [20] and
Praseodymium (Pr>*) [22], as depicted in Figure 5.5a. The combina-
tion of transitions used in Er®+ nanothermometry are YHyqp =50
centered around 525 nm with 4S3,, —*1;5,, centered around 545nm,
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therefore including only one lower energy level. In contrast, using
Pr3* for nanothermometry enables different transitions e.g. >°P; —%Hs
at 522nm and 3Py —*Hg at 639 nm with varying lower energy levels.
The same distinction applies to other active ions such as Nd3t [21] or
Ho>*" [23], respectively. The schematic 3- and 4-level laser diagrams
provide a more general view and are shown in Figure 5.5b. Since the
re-absorption depends on the population of the lower level different
re-absorption values can be expected for the different transitions e.g.
in Pr¥* with the consequence of temperature measurement errors. On
the other hand one benefit of using varying lower energy levels is the
spectral separation of the emission lines independent of the energy
gap of the upper levels, therefore adding flexibility to measurements.
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Figure 5.5: Energy levels of trivalent ions Er®" and Pr’' ions used in
nanothermometry [20, 22] with the optical transitions for excita-
tion and emission in (a) and the corresponding general 3-level
and 4-level laser schemes in (b).

Er3+

Currently the sensitivity of nanothermometers is characterized ei-
ther under pulsed excitation [22, 23] or continuous excitation [1, 21].
This raises the question whether these pump regimes are interchange-
able or if the pump regime has further influences on measurement
errors besides the signal-to-noise ratio. Additionally, calibration data
acquired with either of these systems may not be accurate for the
other regime, even for the same active ion. Re-absorption of emission
could prevent this transfer because the population densities of the
absorbing energy levels differ between instantaneous and steady state
conditions. Generally, re-absorption is a well-known phenomenon for
example causing a reduced efficiency of Pr:YLF lasers emitting in the
orange spectral range [53]. Fitting the thermal evolution of the FIR in
Pr3*:YF; for the same upper levels but different lower laser levels also
may yield different AE values [54], which could also be attributed to
re-absorption differences.
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Consequently, population of lower energy levels has to be considered
as origin of FIR deviations even in the absence of temperature vari-
ations, therefore, causing measurement errors. This issue can be ad-
dressed by utilizing time dependent laser rate equations. Figure 5.6
illustrates the relation of the populations of two lower energy lev-
els depending on the relative strength of the spontaneous emissions,
which is determined by their emission cross sections ems2 and Tems 2+,
and the lifetimes of the levels 173 and 14, respectively. In this figure
the population relation is depicted depending on the ratio of the life-
times T+ = T3/74 for a constant ratio in (a) and a varying ratio in
(b). Different calibration regimes for nanothermometry can be defined
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Figure 5.6: Relative relations of the population densities N3 and N, of lower
laser levels, as defined in Figure 5.5, depending on the pump
duration. Depicted in (a) are relations for a constant ratio Tr,t of
the emission lifetimes and in (b) for different ratios

depending on the pump duration and fluorescence lifetime, as a result
of this.

Judging purely by the depicted populations, two operating regimes
with stable relations can be identified, as seen in Figure 5.7. The first
window corresponds to very short excitation times and the population
relation is defined only by the relation of the emission cross sections.
If the excitation duration reaches the range of a few micro seconds
the steady state regime starts to build up and additionally 73 and
74 also need to be factored in, as given in Figure 5.6. These results
generally apply to both laser schemes shown in Figure 5.5, however
for materials like Er** the lower energy level is the same and with
that the values for lifetime and cross sections are identical.

The deviation of the FIR following this, further depends on the
absorption cross section o,p,s. This cross section o,ps can be calculated
using the McCumber relation [55] from cems, Z1 and Z; as parameters
for the degeneracy of the Stark levels in the two involved energy levels
1 and 2, and the energy distance Eg between the lowest energy levels
of both manifolds 1 and 2 [56]. The relation is defined as follows

- Zl EQ — hv
Uems (V) — Uabsz exp kBiT : (5'10)
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Figure 5.7: Exemplary depiction of the different calibration regimes caused
by changes in energy level populations.

The material parameters used in the following calculations were taken
from Pr** nanothermometer. This formalism gives a proportionality
between absorption and emission cross section with an additional
factor for the Stark level splitting and population [57]. It is therefore
used to gain an estimation of the remaining fluorescence P(z) after
absorption via Lambert-Beers Law. Applying the approximation for a
short interaction length z the yields

P(z) = Pyexp(—Noapsz) = Py(1 — Nogpsz). (5.11)

Based on these relations and Equation 5.5, a factor C to convert the
instantaneous FIR"' to the steady state FIR' is defined

FIR*™ = FIR™'C (5.12)
1— Oabs,1 Niz

— FIRinSt
1-— Oabs,2 NZZ

(5.13)
This formalism can be used to recalibrate FIR measurements depend-
ing on the pump regime.

5.2.3 Influence of Pump Fluctuations

The pump rate heavily influences the population density of energy
levels, as mentioned in the previous sections. A detailed look at the in-
fluence of fluctuations in this rate helps to understand the temperature
resolution achievable with a specific measurement configuration.
Pulsed excitation sources operating in the nanosecond regime are
frequently used in nanothermometry [22, 23], and typical pump
sources, such as OPOs or g-switched lasers, are prone to power and
energy fluctuations, respectively. As the value of 0,5 is wavelength
dependent, fluctuations of the emission wavelength can also be treated
as energy fluctuations, as can be seen from Equation 5.11. Furthermore,
the pulse duration may also fluctuate resulting in another source of
measurement errors. The temporal evolution of population densities
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and from that the onset of fluorescence is simulated to characterize
these effects and to gain the amplitude of AFIR. The corresponding
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Figure 5.8: Temporal evolution of population density calculated for an ap-
proximated Pr®* doped system (a) and the consequence on FIR
measurements in dependency of pump energy fluctuations.

temperature error AT caused by the fluctuations can be accessed by
using the specifications of Pr:YLF nanothermometers with FIRy ~ 1.2
and S =~ 1.1 %/K [22] through Equation 5.8. The lifetimes of energy
levels for a given dopant also depends on the host material. Unfor-
tunately, the lifetimes of Pr:YLF crystals were not available in the
literature, so the lifetimes of the 3F; or 3F, levels in Pr:LaCl; reported
to be 58 us [58] were used for the calculations. However, the proposed
formalism is still valid for different lifetimes, and the calculations
can easily be adapted after measuring the transition rates inside the
desired material.

The results are shown in Figures 5.8 and Figures 5.9. As seen in
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Figure 5.9: Temporal pulse fluctuations and the consequence on the FIR
measurement (a) and the estimation of the achievable resolution
depending on pulse duration (b)

Figure 5.8a the populations of the thermally coupled emission levels
N; and Nj reach their respective maximum closely following the
excitation pulse, whereas the population of the lower levels N3 and
Ny are shifted due to the lifetime of the upper levels, as expected. The
FIR caused by the fluorescence emission over time is given in Figure
5.8b and 5.9a depending on energy and pulse duration fluctuations,
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respectively. The amplitude of the error is similar and for both types
of fluctuations fluctuation ranges of 20% were calculated to cause a
temperature error of approximately o.75K.

This error AT does not directly correlate to the actual resolution
achievable in a measurement, as additional noise sources need to be
factored in. Therefore, this value should rather be considered as a
minimum value. It becomes apparent that in order to perform high
precision temperature measurements, pump rate fluctuations need to
be minimized by using stabilized short pulse pump lasers, however
even stabilized OPO systems exhibit +6 % energy fluctuations [59].
The dependency of AT on pulse duration and a constant energy
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Figure 5.10: Requirements for pulse energy (a) and pumping power (b) to
maintain the signal strength of a nanosecond excitation and the
temperature deviation caused by laser absorption (inset b).

fluctuation of 10% is shown in Figure 5.9b, and as seen pump pulse
durations below one nanosecond should be preferred.

Apart from pump noise, the overall error budget is also influenced
by the strength of the emitted fluorescence. Therefore, pump energy
and power for picosecond and continuous lasers, respectively, were
calculated so that signal strength remains equal to that achieved with
a 3.9ns pulse excitation as marked in Figure 5.9b. The results are
shown in Figure 5.10 and highlight the two optimum pump regimes
for nanothermometry: short pulse and continuous wave excitation.

The pulse energy needed for an excitation duration of 100ps is
approximately o.5m]J, and this pump regime can be used for high
precision measurements even without the exact knowledge of mate-
rial parameters like the emission lifetimes. However, especially for
cost effective measurements, this approach can be undesired as it
requires more complex laser sources. A continuous excitation is hence
favourable.

On the other hand, the integration time necessary to achieve the
same signal strength with a simplified setup using continuous emitting
laser diode lies in the range of 1-2 seconds and is thus not applicable
for high sampling rates. Additionally, high laser powers may lead to
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an increased heat input, and the tolerance of heat input to the sample
need to be considered. The steady state temperature deviation caused
by 1-2W incident pump power was estimated with approximately
0.15K-0.35K, as depicted in the inset of Figure 5.10. The quantum
defect of the Pr:YLF emission was considered as the main heating
source and doped SiO, was assumed as host material in this calcu-
lation. The formalism used for this estimation can be found in [60].
Additional absorption e.g. by the host material may further increase
AT but the overall measurement error caused by heat input can be
easily calibrated as shown in Chapter 10.1.

5.3 CALIBRATION FOR DIFFERENT PUMP REGIMES

Both of the presented pumping regimes have advantages and disad-
vantages, and their usage should be carefully chosen depending on
the desired application. Since most baseline measurements currently
used are conducted with either pulsed or continuous excitation, the
formalism presented in Equation 5.13 can be used to transfer base-
line measurements. This procedure is described in the following for
a switch from pulsed to continuous excitation. The first step is to
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Figure 5.11: Conversion factor C depending on time and the ratio of lifetimes
Trat Of the lower laser levels in (a), and shown in (b) is the value
of C for long times in dependency of the temperature and the
pump power.

measure the lifetimes of the lower levels, giving access to Tra. In
Figure 5.11a, the conversion factor is again given for different values
of Trat, with one value fixed to 58 us. The temporal evolution can be
explained by the different onsets of the steady state regime combined
with varying absorption strength of the emission lines. Once the ma-
terial coefficients are identified the main parameters varied during
measurements are pump power and temperature of the surrounding
media. The pump power is adjusted during a measurement to im-
prove the signal-to-noise ratio. The temperature needs to be included,
because re-absorption also depends on temperature via the Stark level
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population, as seen in Equation 5.10. Especially the dependency of
re-absorption on the temperature is important for the formalism, as it
shifts the assumed single exponential Boltzmann dependency of the
FIR on temperature given in Equation 5.5. This shift factor is applied
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Figure 5.12: Typical FIR evolution for Pr:YLF nanothermometers [22] mea-
sured with pulsed excitation in black and the re-calibrated ver-
sion determined by applying the correction factor C.

to an approximated FIR evolution for Pr:YLF nanothermometers [22]
and the results are shown in Figure 5.12. As depicted the correction
of FIR therefore helps to prevent a systematic overestimation of the
measured temperature in cw-measurements.

5.4 SPATIAL RESOLUTION

Besides a good temperature resolution, the ability to measure tem-
perature inside spatially restricted volume is another major benefit of
nanothermometers. But measurement of the actual spatial resolution
is difficult especially in the case of dispersed nanocrystals. The three
most important parameters for this are the focal size of the excitation
beam, the microscopic statistical movement of single crystals, and
in the case of dispersed nanocrystals the displacements caused by
macroscopic convection. However, because macroscopic convection
flows heavily depend on the application their influence is not dealt
with in this general description.

The most basic restriction on spatial resolution stems from the
spatial distribution of the excitation function, which is proportional
to the focal diameter of the pump laser. The minimal diameter of a
laser beam depends on its wavelength A, the beam divergence v, the
refractive index n of the medium and the beam quality factor M2. Put
together the beam waist wg [35] in the case of a Gaussian beam is
defined by
= ]\/PL

po— (5.14)

Wo

This equation reveals that the minimal beam waist is mainly limited
by wavelength, as the beam divergence can be set by the optics used
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in the setup. The M? for an ideal Gaussian beam is equal to one, but
as most laser systems are not single mode, their M? parameter may
be in the range of 10 or 20 leading to a spot size in the micro meter
range.

The spatial resolution for a given excitation diameter further de-
pends on the particle movement. The mean displacement

B ky T
Ay = < 3”77Tt> (5.15)

of particles dispersed in a liquid depends on the temperature T, the
particle radius r, the viscosity of the dispersion # and the time t
[61]. The influence of this displacement on the spatial resolution is
illustrated in Figure 5.13 for a particle radius of 15nm. The maximal
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Figure 5.13: Influence of statistical particle movement on the spatial resolu-
tion, with the displacement assumed to be perpendicular to the
excitation zone (a) and the mean displacement depending on
the temperature (b).

effect can be estimated by assuming a movement perpendicular to
the excitation zone, as seen in Figure 5.13a. The temporal emission
of fluorescence is bounded by the emission lifetime and therefore the
mean displacement is calculated for times below 50 us, corresponding
to an approximated emission duration. As depicted in Figure 5.13b
particles move approximately 100nm in this time span, corresponding
to a velocity of 2mm/s depending on the temperature.

Because the heat exchange of the particle and the surrounding media
is much faster than the emission lifetime, as established in the previous
sections, this translates not only to a reduced spatial resolution but also
a potential temperature error if different temperature reservoirs are
considered. However, strong temperature gradients are not expected
in this thesis and the influence in spatial resolution outweighs the
temperature error.

Consequently, if a high spatial resolution even in the presence of
particle movement is desired either the emission lifetimes needs to
be minimized, which results in a worsening of the efficiency or the
fluorescence emerging from ions outside the considered region needs
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to be excluded. As mentioned before, short lifetimes are generally not
desired and therefore, the second approach should be favoured. One
way to suppress fluorescence emission is utilizing stimulated emission
as described in Chapter 12.



MATERIAL SELECTION

Based on the previously established relations, the selection of nanocrys-
tals for nanothermometry can be carried out. The most important
criteria are:

1. Energy Gap of the Active Ion. The relation AE/kgT [21] needs
to be considered to balance high sensitivity, a large measure-
ment range, as well as a fast thermalization of the energy levels.
Generally, AE values of 400-1000 cm~! should be optimal for
measurements at room temperature.

2. Energy Level Structure. The relative energetic positions of the
energy levels determine characteristics like the occurrence of
re-absorption effects or sensitivity to external fields.

3. Particle Size. The particle size influences temperature exchange
between nanocrystal and surrounding media, particle movement
and the efficiency of fluorescence emission [36]. Therefore, a
compromise in terms of particle size needs to be made between
fast heat exchange and efficient emission. Based on this, particles
with a radius » 200 nm should be excluded because of their slow
heat exchange, as seen in Figure 4.2

4. Chemical Characteristics. Chemical aspects such as the complexity
of synthesis or toxicity are criteria mostly used for selection of
the host crystal systems.

The two crystal systems used in this work are Er,Yb:NaYF and Pr:YLEF,
and the following sections demonstrate why these two classes can be
used to cover most applications based on the aforementioned criteria.

6.1 SPECTROSCOPIC PROPERTIES OF THE ACTIVE IONS

Rare earth ions are optimal candidates for the active material in nan-
othermometry as stated in the previous section of this part. Figure 6.1
presents an overview of different trivalent rare earth ions and their
respective optical transitions [1, 20, 23, 45, 62]. All of the depicted ions
fulfil the minimal requirement for nanothermometry, as they all offer
emission lines from separated yet thermally coupled energy levels. In
the context of this thesis, the transmissions in the visible spectrum are
prominently included, because they avoid the absorption of different
common host materials as e.g. water or polymer. The decision which
of the ions suits the specific applications best can then be made based
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Figure 6.1: Schematic overview of the spectral emission lines present in
different rare earth candidates for nanothermometry [1, 20, 23, 45,
62, 63].

on the criteria outlined in the previous sections. First the relevant
energy gap has to be considered, as this is the main limitation for
the sensitivity. The corresponding values are presented in Table 6.1,
with values for the reasonable minimal and maximal gap between
two emission levels, if there are multiple possibilities. The three most
promising ions in that regard are Pr®*, Ho*" and Er*", as the corre-
sponding energy levels are large enough to ensure high sensitivity
but still in in the range of the phonon energy of common host ma-
terials. The respective emission cross sections can be compared as a
measure for the relative strength of the emission. The relevant values
for the largest individual cross section are taken from ions doped in
LiLuF crystals to be 210x1072°m ™2, 32xX10 ®m ™2, 19.1X10 > m 2
for Pr3*, Er’* and Ho®", respectively. Therefore in terms of emission
cross section Pr®* and Er®* should be favoured. A closer look at the
energy level structure is relevant to get an understanding of the possi-
ble re-absorption, as well as susceptibility to external fields. Especially
Er3* seems to be favourable in regards of re-absorption, as the two
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Table 6.1: Energy gaps between upper energy levels of the transitions de-
picted in Figure 6.1

Ion Host AEmin (cm™!)  AEpa (em™1)  Source
Pr’t  YF3, YLF 587,583 - [54, 64]
Nd3+ YAG 80 - [21]
Eu**  YNaF 1880 2410 [62]
Ho®* ZBLAN 448 2949 [63]
Er3t YNaF 700 - [20]
Tm3+ Y,05 3560 5980 [23]

dominant emission lines both share the same lower energy level. Based
on this, nanothermometers utilizing Erdt are expected to be mostly
insensitive to pump fluctuations and are promising candidates for
high resolution measurements. Both, Pr’* and Ho>* offer similar pairs
of emission lines, but e.g. the emission line centred at 550 nm of Pr3*
is weak compared to the other emission lines. Considering external
fields, a larger spectral separation of the emission peaks is beneficial,
therefore Pr3* and Ho®** should provide more robust measurements
in these cases.

The spatial resolution achievable with the specific ion can be linked
to the pump wavelength, as this determines the minimal focus di-
ameter. All of the three materials offer excitation transitions in the
blue spectral range [45] with the largest corresponding cross section
again for Pr’*. The efficiency of Er’" and Ho*" pumping is often
increased by co-doping with Yb®>* shifting the transition wavelength
to the infrared region, giving Pr’>" the edge in this regard. Lastly
the degree of research in other applications can be considered for a
simplified access to material parameters, where Pr** and Er** have a
strong background in laser development. As a result of this section,
the active ions Pr’** and Er’" can be identified as an active material
combination that covers all necessary specifications.

6.2 SELECTION OF THE HOST CRYSTALS

The suitable host crystal is identified after the active ions are found.
Although assumptions of the phonon energy were already included in
the previous sections, the range of crystals fulfilling these assumptions
is huge. The criteria for this selection are controllability of the synthesis,
state of research or biological compatibility.

The most commonly used laser crystals are either oxide crystals e.g.
YAG or fluoride crystals e.g. YLF. Especially fluoride crystals offer
advantages for nanothermometry based on their chemical structure.
One benefit is the high band gap of fluorides of up to 12¢eV [65], which
results in reduced optical losses and a wide range of transparency.
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Another asset is that fluorides also have lower phonon energies than
comparable oxides [65], which reduces quenching effects, but are still
high enough for rapid thermalization. Other plus points that are more
prominent for laser applications, such as minimized thermal lensing,
due to a negative thermo-optic coefficient [65], do not directly affect
nanothermometry but increase the general use of fluoride crystals and
with that the research of the material. Therefore, these advantages also
help to push fluoride crystals in nanothermometry.

Table 6.2 presents a selection of fluorides that are compatible host
crystals for the chosen active ions. The different crystals are grouped
according to their symmetry. The space group of the crystals is denoted

Table 6.2: Selection of active ions and compatible fluoride host crystals with
ordered structure [66] denoted by the Schonflies notation.

Space Groups in ascending order of symmetry
o’ | G, Dy Ci DL Dy G o
Pr | B-BaYF LiYF, KYE
LiGdF, LaF,
LiLuF PrF
Er | B-BaYE, a-BaLuF, LiYF, KYF, NaYF CaF,
B-BaErF,  ErF LiYbF, LaF SrF
B-BaTmF LiLuF
Ho | B-BaYF  HoF LiYE,  KYF CaF,
LiHoF, SrF
LiYbF,
LiLuF

by the Schonflies notation and its degree of symmetry determines
the maximal symmetry of the ion site at which the emitting ion is
positioned [67]. Therefore, the space group strongly influences the
emission characteristics. Unordered crystals, such as YAG, lead to a
broadening of the energy levels whereas ordered structures tend to
preserve discrete transitions [66]. Laser crystals with a high degree of
symmetry should therefore be preferred for nanothermometry. Besides
this, the atomic radius of the replaced ion, e.g. Lu in LuLiF, and the
dopant, e.g. Pr, should be as similar as possible to prevent further
distortions of the crystal lattice.

The controllability of crystal synthesis is a more practical crite-
rion to choose the host crystal. Both systems YLiF and YNaF can be
synthesized using a thermal decomposition route [68, 69] which is
widespread procedure. Additionally, coprecipitation methods [22] or
hydrothermal methods [70] can be applied. Therefore, the availability
of synthesis techniques is no strict limitation for the crystal selection.

The toxicity of nanocrystals was researched for YNaF, where no
strong cytotoxic effects were found for particles smaller than 30nm
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[71], and the observed effects were attributed to the cyclohexane
present in the synthesis. In terms of research and available material
data, both YLiF and YNaF show a sufficient degree and both have
already been used in various nanocrystal applications [20, 22, 62,
72]. Combined with the state of research performed for the different
crystals systems, YLiF and YNaF were chosen as host crystals for Pr3*
and Er**, respectively. The specific synthesis routes performed for the
different samples are briefly described in the following parts.
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SAMPLE DESCRIPTION

All samples used to obtain the results presented in this thesis were pro-
duced inside the collaboration project LaPOF' and were manufactured
by scientist at the Technische Universitdt Braunschweig. This chapter
aims to give a brief description of the preparation steps necessary to
manufacture these samples.

As previously discussed, two different fluoride nanocrystal classes
were used as nanothermometers, namely Yttrium-Lithium-Fluoride
(YLF) and Yttrium-Sodium-Flouride (YNaF). The crystals were doped
with Praseodymium (Pr>*) or co-doped with Erbium (Er®") and Ytter-
bium (Yb3"), respectively. The complete abbreviations for the active
nanocrystals are therefore Pr:YLF and Er,Yb:YNaF, and both nanocrys-
tals were further embedded in different host materials according to
their respective advantages that were discussed in the previous chap-
ters.

The most commonly used type of applications of nanothermometers
are liquid dispersions. Consequently, the first characterized nanocrys-
tal system in this thesis are Pr:YLF nanocrystals dispersed in cyclo-
hexane. These types of crystals show efficient excitation in the blue
spectral region making them suitable candidates for high spatial reso-
lution measurements, as will be discussed in Chapter 12 of this thesis.
Additionally, their energy level distribution leads to a large spectral
separation between the emission lines, thus simplifying the measure-
ments. Disadvantages of this dispersion system are also presented,
such as a luminescence background or a reduced signal-to-noise ratio
due to a short interaction length. The achieved temperature resolution
with this system was limited to approximately 0.4 K due to this effects.
Lastly, the numerical model presented in Chapter 5.2.2 was applied
to correct errors caused by reabsorption in measurements conducted
with continuous excitation, showing the viability of this approach.

These drawbacks, particularly in terms of signal-to-noise ratio, were
addressed by utilizing a polymer as host material for the second
nanocrystal system. Specifically, a polymer fiber was chosen as the
host for the Er, Yb:YNaF nanocrystals. One benefit of this configuration
is the energy level structure, which favours continuous excitation and
with that enables high temperature resolutions. The light guiding
effect of a fiber is expected to further boost the signal-to-noise ratio,
albeit at the cost of spatial resolution. Therefore, the goal of this
thermometer development was to optimize temperature resolution,

The collaboration project LaPOF was funded by the state of Lower Saxony and the
European Union, Fundnumbers EFRE-SER 2014-2020, 85003655 and 85003502.
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and a resolution of 19 mK was reached thus improving the resolution
of dispersed Pr:YLF nanocrystals by a factor of roughly 20.

7.1 PR:YLF NANODISPERSIONS

The first system investigated consists of active nanocrystals dispersed
in a liquid solvent. The nanocrystals are Yttrium-Lithium-Fluoride
(YLF) crystal doped with trivalent Praseodym Pr3+* (Pr). This section
contains an overview of the material synthesis and characterization.
The main parameters included are particle size and a description of
the luminescence background caused by the oxidation of the ligand
system.

7.1.1 Nanoparticle Synthesis

The Pr:YLF nanocrystals were manufactured by the Technische Uni-
versitdt Braunschweig, using a thermal decomposition method [73,
74]. Components of a lanthanide chloride (PrClz) were combined with
oleic acid and octadecene. The solution was then subjected to different
heating steps, and additional chemical compounds such as NH4F
and LiOH were added in between, combined with stirring. After this
cycling, ethanol was added to the solution to facilitate the precipita-
tion the nanocrystals, which were then collected using a centrifuge.
In the last step, the nanocrystals were washed and re-dispersed in
cyclohexane. The desired doping concentration of Pr®* ions was set by
adjusting the concentration of lanthanide chloride added in the first
step. However, no analysis of the doping concentration was performed,
therefore values used in the following should be regarded as nominal
doping concentrations.

TEM measurements were carried out to analyse the size distribution
of the nanocrystals, and the results are shown in Figures 7.1 and 7.2,
with AC, BD and a corresponding to the long axis, the short axis and
the edge length of the projected diamond shaped surface, as shown in
the insets of Figures 7.1b and 7.2¢, respectively.

In accordance with the literature a tetragonal crystal phase was
assumed for this analysis [75]. The particle size, determined by the
longest crystal axis was measured to be between ~11nm and ~16 nm
with a weak correlation between particle size and doping concentra-
tion, as reported in [75]. The length of the different crystal and the
calculated volume is shown in Figure 7.3.

7.1.2  Influence of the Dispersion Medium

The synthesized nanocrystals were dispersed in a liquid medium, as
mentioned in the previous section. The most two important chemical
distinctions in terms of the dispersion medium are the one between
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Figure 7.1: TEM measurements and size distribution of particles with doping
concentrations 0.4 at% and 2 at%.

non-polar and polar, and also between hydrophilic and hydrophobic
liquids [76]. These parameters determine the solubility of nanocrystals
and the maximum concentration before agglomeration sets in.

In terms of temperature measurements especially the freezing point
and the boiling point are also of importance, as a phase change of the
host medium can be expected to heavily influence the measurement,
e.g. by diminishing the heat exchange between nanocrystal and its
surrounding medium. Additionally, knowledge of other temperature
anomalies comparable to the density of water helps to identify error
sources, as in the case of the density influences the viscosity and with
that particle motion can be expected.

Some of the most commonly used dispersion media are chloroform
[77], water [78] or cyclohexane [79]. Cyclohexane was used as host ma-
terial in this thesis, however the influence of the mentioned solvents on
the performance of the nanothermometers can be neglected, because
all measurements were performed in the absence of phase transitions.
The main reason cyclohexane was chosen instead of e.g. water is the
similar polarity of cyclohexane and PMMA, which potentially enables
further doping of these nanocrystals in polymers without additional
surface treatments [69].
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Figure 7.2: TEM measurements and size distribution of particles with doping
concentrations 3 at% and 4 at%.

7.1.3 Emission Characteristics of Pr:YLF Nanocrystal Dispersions

Emission measurements were performed as an additional verification
of the nanocrystal synthesis. An excerpt from the energy level scheme
of Pr:YLF and exemplary measured emission spectra of bulk Pr:YLF
are shown in Figure 7.4. The measured emission includes the main
emission lines expected from the energy level scheme [22, 45], with the
most prominent emission centred between 607 nm-611 nm. Relative
to this, the lines at 639 nm, 522nm and 720nm, follow in descending
order.

As described in previous sections, the key prerequisite for nanother-
mometry is emission from thermally coupled levels. This condition is
met by the emission originating from 3P at 522 nm and the different
lines starting from %Py at 607nm, 639nm and 720nm, respectively.
The energy gap between *P; and 3Py is approximately 550cm ™! [64].
The fluorescence spectra recorded from different nanocrystal samples
also includes the aforementioned emission lines with an additional
luminescence background, as shown in Figure 7.5a. This broad signal
can be attributed to the oleic acid ligand system, and similar phe-
nomena were observed in [80]. More Specifically, the broad emission
band from g00nm to 850 nm can be attributed to an oxidation of the
oleic acid which occurs under the influence of heating and in the
presence of oxygen [80]. Undoped YLF nanocrystals were used to
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Figure 7.4: Excerpt from the energy level diagram of Pr:YLF [22, 64] with
the relevant optical transitions in the visible spectrum (a) and a
fluorescence spectrum of Bulk Pr:YLF measured after excitation
at 444 nm (b).

further investigate this and confirm the independence of this emission
from the active ions. The resulting broad emission normalized to the
absorbed pump power is shown in Figure 7.5b. For this measurement,
a continuous wave laser diode emitting at 444 nm was used and con-
sequently a long pass filter was applied to remove the residual pump
light. Again a broad signal centred around 555nm-560nm can be
observed, but no dependence of the spectral shape on pump power
occurs. This confirms the role of the ligand system and hints at oxygen
contaminations during the particle synthesis.

Because this luminescence background varies with the wavelength
and the degree of oxidation its influence on the usage of Pr:YLF nan-
othermometers is difficult to quantify. Therefore, great caution must
be exercised in future synthesis to prevent the oxidation. Additionally,
the ligand system may also be removed for example with acid [81].
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Figure 7.5: Emission Spectra of different Pr:YLF samples (a) and mea-
surement of the luminescence background of undoped Pr:YLF
nanocrystals after continuous wave excitation for different levels
of absorbed pump power.

But in this case, the nanocrystals tend to agglomerate and chemical
treatment of the surface is still necessary by adding other ligands [76].
This ligand exchange may even be advantageous as it might increase
the luminosity of active nanocrystals. For example, oleic acid also has
potential benefits for fluorescence applications, as it may provide
a shielding against surface quenching effects [81]. One of the most
prominent quenching mechanisms is the multiphonon quenching
(MPQ) that describes the energy transfer from electrons to phonons of
the host material [82]. The rate of this transfer is inverse proportional to
the sixth power of the distance between donor and acceptor. Therefore
even a thin layer of oleic acid on the surface of the nanocrystal may
shield the electrons and minimize this quenching pathway. However,
this shielding is for not as efficient as the shielding achieved by an
additional crystal shell. Furthermore, the shielding depends on both,
the optical transitions and the solvent [81], therefore disadvantages
still outweigh the benefits. Different synthesis routes, such as co-
precipitation [22], could also be used to minimize the influence of
surface ligands, but the feasibility of this procedure to repeatable
produce monodisperse and small Pr:YLF nanocrystals has yet to be
established. Because of this the optimization of the synthesis should
be regarded as one main part of future nanothermometry research.

7.2 ER,YB:YNAF DOPED POLYMER FIBER

A polymer fiber doped with Er,Yb:YNaF nanocrystals was also manu-
factured by the Technische Universitat Braunschweig [69]. The most
important specifications of this doped fiber as well as a general anal-
ysis of loss mechanisms inside polymer fibers are discussed in the
following sections.
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7.2.1  Er,Yb:YNaF Nanocrystals

Er,Yb doped upconversion nanocrystals (UC-NC) are well researched
for temperature sensing applications [20, 83-85] and offer specific
advantages due to energy level structure, spectroscopic characteristics
and chemical specifications. There are different possible synthesis
routes for this fluoride crystals system [69, 70], and the nanocrystals
used for this thesis were manufactured using thermal decomposition
in an Oswald ripening process [69]. In this process, hydrated lan-
thanide chlorides of the active ions Er (ErCl;-6H,0), Yb (YbCl3-6H,O)
were dissolved in methanol. Additionally, Gadolinium (GdCls-6H,0)
was added during the synthesis to assure the highly luminescent
hexagonal B-crystal phase [75]. Following this, oleic acid, which acts
as a ligand, was added and cycles of heating and stirring were ap-
plied. After these cycles were finished, the resulting nanocrystals
were washed and redispersed. A more detailed description of the
manufacturing can be found in [69].

The resulting doping concentration was determined by the amount
of added lanthanide chloride and the final chemical formula for the
nanocrystals is Yb,Er,Gd(20:2:20):3-NaYF. Because all of the used op-
tical transitions occur in Er and Yb and the abbreviation used in
this work remains Er,Yb:YNaF. The hexagonal crystal phase was con-
firmed by comparing X-ray diffraction measurements with reference
diffraction spectra, as depicted in Figure 7.6a.

Sample 120l 2 =12.86+1.87 mn

Intensity (a.u.)

15 20 25 30
20 (°) Diameter (nm)

(a) (b)

Figure 7.6: Characterization of Er,Yb:YNaF nanocrystals by X-ray diffraction
(a) and TEM Measurements (b). The definition of the crystal
phases in (a) is based on ICSD: 98-005-1917 and ICSD: 98-007-
7100 for the B-NaYF; and a-NaYF, crystal phase, respectively
[69].

TEM measurements were again used to investigate the particle size,
and a mean diameter of 12.86 £+ 1.87 nm was revealed, as shown in
Figure 7.6. The particle size is important to estimate the influence of
scattering, but based on the small size and the low refractive index

55



56

SAMPLE DESCRIPTION

miss match (Ng;yb:yNar= 1.4748 [86], Npolymer & 1.49 [86]) to the host
polymer, scattering caused by the nanocrystals can be neglected.

The energy level characteristics of the nanocrystals and a typical
emission spectrum measured from an excited doped polymer fiber, is
shown in Figure 7.7. The emission spectrum reveals that the influence
of the host polymer on the spectral positions of the energy lines can be
neglected compared to other host materials [20]. The optical excitation
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Figure 7.7: Section of the energy level scheme of Er,Yb:YNaF nanocrystals
[83] (a) and a typical emission spectrum measured from an optical
excited doped fiber (b).

of Er,Yb:YNaF was performed with an up-conversion process to en-
hance the efficiency. This leads to an anti-stokes like mechanisms and
a blue shift between excitation and emission. This process is based
on multi-photon absorption and energy transfers between Er®* and
Yb3*. First electrons of the Yb*" are optically excited, via pumping
with laser light at 976 nm, from 2F; /, to 2Fs,. From this level multiple
energy transfers happen which lead to a two-step excitation of the
Ert, with 2I;50 —? 115 and 2131 o —* F;/,, respectively. The upper
emission levels 2Hj; /» and %S5, are then populated via non-radiative
transitions. The emission lines most commonly used for nanother-
mometry are centred at 525 nm and 545nm and originate from these
levels with the corresponding transition back to the ground state I;5 5,
as depicted in Figure 7.7a.

7.2.2  Manufacturing of the Fiber

After the nanocrystals were successfully synthesized, they had to be
incorporated inside the polymer fiber. This was again achieved by
scientists at the Technische Universitdt Braunschweig by applying
an in-situ polymerization. Co-polymers consisting of mixed methyl
methacrylate (MMA) and cyclohexyl methacrylate (CHMA) were cho-
sen as the host polymer. Contrary to polymer fibers purely based
on poly-methyl methacrylate (PMMA) [87], this host enables doping
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of UC-NC while minimizing agglomeration and precipitation of the
UC-NC, which in terms would lead to a decrease in transparency. Still,
a ligand consisting of an oleic acid had to be added to increase the
solubility of the UC-NC in the co-monomer.

The solution of UC-NC and co-monomer was then used in a radical
polymerization process to prepare preforms, as depicted in Figure 7.8.
The highest doping concentration achieved, while maintaining a trans-
parent preform, was 0.5 wt% and since a high doping concentration
leads to strong fluorescence emission, this concentration was used
for the thermometer experiments. After this, doped polymer fiber

Figure 7.8: Co-monomer polymer preforms 1, 2, and 3 doped with 0.5 wt%,
0.1 wt%, and o wt% of UC-NCs, respectively (a). An UC-NC
doped polymer fiber after excitation with 976 nm (b).

cores with a diameter of 980 ym were drawn, using a drawing tower.
Afterwards an acrylate cladding was added to the fibers, yielding the
final diameter of 1000 ym, as shown in Figure 7.8. A more detailed
description of the steps necessary for the fiber manufacturing can be
found in [69, 88—90].

7.2.3 Absorption in Polymer Fibers

Optical absorption causes material heating, as discussed in Chapter 4.2.
This heating is generally not desired in temperature measurements, as
it may affect both, the performance of the thermometer as well as the
sample. Polymer fibers usually have a stronger attenuation than fused
silica fibers [87] due to their chemical structure. Therefore, thorough
discussions of the mechanisms responsible for transmission losses
are necessary to fully understand the functionality of the UC-NC
doped polymer fiber thermometer. The main processes responsible for
attenuation of optical transmission are absorption through electronic
transitions, scattering, and absorption through molecular vibrations,
with the first two dominating for short wavelengths and the latter
mainly occurring at longer wavelengths.

The electronic absorption a, of polymer fibers consisting of PMMA
is approximately described by [91] with

1.15-10*
ae(A) = 1.58-10 2 exp < )

“Noml (7.1)
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and depends in this normalized form exponentially on the wavelength
A and the two material specific numeric constants 1.58:107!2 and
1.15-10* [87]. This mechanism contributes to heating but is only signif-
icant for short wavelengths, e.g. at 525 nm the theoretical absorption
per meter polymer fiber is approximately 5 ppm.

Scattering occurs at refractive index mismatches caused by small
imperfections of the polymer or inclusions. Scattering does not raise
the heat input to the fiber but causes loss by destroying the light guid-
ing condition. The mathematical description of loss through Rayleigh
scattering ag can be simplified [91] to

(1) =13 (633/A)*. (7.2)

In this case the wavelength dependence is expressed as « A4, and
the values 13 and 633 nm arises from scattering measurement of the
material at 633 nm and a fitting routine [92].

Figure 7.9 shows the wavelength dependence of both «, and ag and
again highlights the rising influence for shorter wavelengths.
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Figure 7.9: Numerical approximation of the strength of different loss mecha-
nisms in polymer fibers. Depicted in (a) is the attenuation caused
by Rayleigh scattering and electronic transitions and in (b) the
attenuations due to the excitation of vibrational modes in the
molecules.

The excitation wavelength of the used UC-NC is 976 nm and the
pumping power is expected to strongly exceed the emission power.
Therefore, the infra-red absorption caused by the excitation of the
higher harmonics of the molecular vibrations is the most important
loss mechanism. The influence of the absorption can be estimated,
if the atomic composition of the molecules is known. The complete
chemical formulas for the different mixture parts of the co-monomer
are Cj9oH;60, and CsHgO, for CHMA and MMA, respectively. There-
fore C-H and C-O bonds and consequently vibration modes make up
for most of the absorption. Both spectral position v and absorption
strength A of these vibration modes can be estimated as described in
the following, according to [93].
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The potential curve of these molecule systems can be approximated
with the Morse potential

G(v) = <V+ ;) — 2\;;3( <V+ ;) (7.3)

with v as the set of natural numbers, the anharmonicity constant x,
and the vibrational ground state

_ Wk
~ 27ep

vp (7-4)

which depends on k as a force constant, and y as the reduced mass.
The spectral position of the overtones (v=2, 3, 4, ...)

L —wxov(v+1)
v 1—2x

(7-5)

can be calculated with the fundamental vibration frequency v;. The
formula for the absorption strength « in dB/m can be derived from
the Lambert-Beer law and the transition moment from the ground
state to the higher vibrations states, as described in [93] to be

E,
a(vy) = 3.2 105Micnc <E§H> . (7.6)

In this equation E, /ESH is the relation of energy between an arbitrary
vibration mode and the fundamental vibration mode of the C-H bond,
p is the density, Mg is the molar mass, and n, is the amount of this
specific bound in the macro-molecule. These formulas were used to
calculate the vibration mode absorption shown in Figure 7.9b.

From this theoretical description it can be estimated that the ab-
sorption of the excitation wavelength lies between 5-10dB/m, and
measurements were conducted to characterize the fiber attenuation in
more detail.

Polymer Fiber Laserdiod
aserdiode
Broadband Laser ‘ \ Polymer Fiber
R A N (0]
Integration Sphere \ ‘\}:fi’
% Integration Sphere

Monochromator
(a) (b)

Figure 7.10: The two setups used to measure the attenuation of the polymer
fiber. The main distinction between the setups is the excitation
laser. The configuration (a) was used to characterize the attenua-
tion in the visible spectral range whereas variant (b) measured
the absorption at the excitation wavelength 976 nm.

The setups used for this measurements are shown in Figure 7.10.
The attenuation was investigated using the cut-back method [87] to
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minimize the influence of the surface quality. A broadband laser source
(400 nm-8oonm) was used as light source, as shown in Figure 7.10a,
and in a second step the pump absorption was measured with a laser
diode emitting at 976 nm, as depicted in Figure 7.10b.

The resulting attenuation spectrum is given in Figure 7.11. The
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Figure 7.11: Comparison of attenuation of an PMMA /PCHMA fiber with
the emission spectrum form Er,Yb:YNaF nanocrystals. Shown
in the inset is the measurement data used to estimate the pump
absorption.

previously determined absorption peaks can be observed at the calcu-
lated spectral positions and the pump absorption is determined to be
6.7dB/m. Furthermore, Figure 7.11 gives the emission of Er,Yb:YNaF
in comparison to the polymer attenuation in arbitrary units. From
this data, the attenuation of emerging fluorescence can be deducted
to be roughly 3dBm. The comparison of this measured attenuation
with the previously calculated 5 ppm of intrinsic absorption inside the
polymer and the vibrational absorption of <o0.5dB/m for a wavelength
below 600 nm shows a significant difference with the measured attenu-
ation being much higher. The most probable reason for this deviation
is Rayleigh scattering, which as discussed earlier is not caused by
doping but either by material defects, impurities or differences in the
confirmation of the polymer chains. Because the absorption of the
pump wavelength is still much stronger, the influence of fluorescence
re-absorption on heat input was neglected. However, the high attenua-
tion entails the need for increased emission and with that for higher
pump powers. Because of this, potential optimization in regard of the
polymer composition should aim at reducing host attenuation.



MEASUREMENT SETUPS

Different setups were used to investigate the performance of both
thermometer approaches and the variations are based on the sample
type, namely fiber or dispersion, as well as the physical properties
of the active ions, where the main distinction is the excitation wave-
length. The main tasks each setup needs to fulfil are optical excitation,
detection of the emitted photons, separation of the different emission
lines with a spectrometer and evaluation of the collected data with a
computer.

8.1 DISPERSION CHARACTERIZATION

The temperature dependent emissions from a bulk Pr:YLF crystal and
the dispersed Pr:YLF nanocrystals were measured with two different
setups. A pulsed optical parametric oscillator (OPO) was used as
excitation source at 444 nm with pulse energies ranging from 1 m] to
5m]. The corresponding setup is shown in Figure 8.1. The fluorescence
and residual pump light was spectrally separated using a long pass
filter in a transmitting arrangement, and the fluorescence was recorded
with a fiber coupled spectrometer with a resolution of 1nm and a
minimum integration time of 2.17ms.

Mirror QPO 444 nm

LP500nm
Mirror Sample " Spectrometer

Figure 8.1: Setup used for the measurements of temperature dependent emis-
sion of different Pr:YLF under pulsed excitation.

First baseline measurements were conducted using a bulk Pr(0.65 at%):YLF
crystal embedded in a copper block, as depicted in Figure 8.2a. The
copper block in combination with a thermally conducting foil was
chosen to assure mechanical stability as well as sufficient thermal cou-
pling between the laser crystal and the heating element. The results of
these measurements were subsequently used to identify emission lines
suitable for temperature measurements. Following this, the setup was
slightly varied, and different dispersions containing Pr:YLF nanocrys-
tals were used as samples as shown in Figure 8.2b. The temperature
for both samples was set and monitored with an electrical transistor
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Figure 8.2: Different samples and their installation in the setup. Shown are
bulk Pr:YLF (a) and Pr:YLF nanocrystals dispersed in a solution
(b). The temperature control of either sample was realized by
TECs combined with Pt10o sensors and additional temperature
monitoring of the dispersions was performed with a TMP36
Sensor.

based thermometer (TMP36) and a thermoelectric cooling element
(TEC) combined with a Pt1oo. Additional calibration measurements
were performed to estimate the influence of the thickness of the cu-
vette on the measured temperature and to access the time necessary
to reach a steady temperature distribution inside the cuvette. Conver-
sion factors were extracted from this measurement to re-calculate the
sample temperature based on the externally set values between 5°C
and 40°C.

After the calibration data was obtained using a pulsed pumping
scheme, further experiments were conducted to measure the influence
of continuous excitation. For this task, the used setup was adapted,
since the previously used optical filters did not offer sufficient ex-
tinction of residual pump light. The emission was therefore collected
perpendicular to the excitation in this configuration, and an additional
power meter was added to measure the transmitted pump light as is
shown in Figure 8.3. The excitation source for this was a laser diode
with a center emission wavelength of 444 nm and up to 5 W output
power.

The evaluation of all emission intensities was done by fitting Voigt
profiles to the spectral data. A numerical routine was developed to
apply additional exponential or polynomial terms, to account for ad-
ditional background radiation caused by the ligand were also added
if needed. One exemplary fitting result is depicted in Figure 8.4. The
intensity data used for the temperature measurement is subsequently
extracted by integrating the Voigt profile centred at the desired wave-
length, in this case 639 nm.

8.2 FIBER CHARACTERIZATION

The setup used for the characterization of the UC-NC doped fiber
thermometer is presented in Figure 8.5. A fiber coupled wavelength
stabilized laser diode emitting up to 20 W with central wavelength
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Figure 8.3: Setup used to characterize the emission variations of dispersed
Pr:YLF nanocrystals under continuous excitation, with 1 and 3
marking different power meters and 2. is a lens system designed
to achieve a collimated line profile of the excitation beam.
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Figure 8.4: Example for an emission fit resulting from the combination of
Voigt profiles and an exponential function to include the broad
luminescence background.

of 976 nm Fo0.5nm was used as the excitation source. The measured
pump power fluctuations of below 2% were negligible because of the
energy level structure of the active ions, as discussed in the previous
chapters. The doped polymer fiber was butt-coupled to multimode
fused silica fibers, with matching numerical apertures and core diame-
ters to assure good coupling efficiency. The coupling efficiency from
the fused silica fiber to the polymer fiber was measured to be 85 %.
The signal was spectrally filtered with two long pass filters, and only
the fluorescence below 750nm was detected using a fiber coupled
spectrometer, with a spectral resolution of 1nm and an integration
time of 1s.

After the detection a real time routine was applied, to fit Voigt
profiles to the emission spectra. These profiles can be approximated
by a linear combination of a Gaussian Function G(x) and a Lorentzian
Function L(x) as discussed in Section 3.2 with

f(x) = (1—a)G(x)+aL(x) (8.1)
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Figure 8.5: Basic setup used for the measurements of temperature dependent
emission of the UC-NC doped polymer fiber.

thus allowing for a flexible adaptation to the different line-broadening
mechanisms. The fiber temperatures were set to different values to

TEC Heat Sink _||- Power Supply
Graphite Foil
— - PT100 Sensor A
o TMP 36 Sensor Plate Capacitor
(a) ®)

Figure 8.6: Simulated environments for the characterization of the sensor
response. Influence of external temperature changes (a), where
control of the sample temperature was achieved by thermoelectric
cooling elements (TEC). Effects of external electrical fields on the
sensor (b) were characterized by substituting the TECs with a
plate capacitor

characterize the thermal response. Thermoelectric cooling elements
(TEC) and a PT100 temperature sensor was used to set the temperature,
similar to the dispersion characterization. Graphite foil was used as
contact material to ensure a stable sample temperature, as shown
in Figure 8.6a. Another electronic temperature sensor (TMP36) in
combination with an arduino microcontroller was used as power
supply, and an A/D converter monitored the temperature of the
sample. This data was used inside the aforementioned fitting routine.
The emission was measured for set temperatures between 5°C and
40 °C, but applications of the sensor should not be limited to that
range, as both polymer fibers and UC-NC have been successfully used
outside of that range [20, 83, 94].

The influence of electric fields on the emission was also investigated
to help exploit potential applications fields. The TECs were there-
fore replaced with a plate capacitor, as shown Figure 8.6b. With this
modification electric fields of up to 12.5 kV/cm, resulting in electrical
flashovers, could be applied. The spectrometer was exchanged for this
measurement and the emission was then measured with a resolution
of o.5nm to be able to detect even small changes.
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This chapter contains the characterization of the thermometer specifications
for Pr:YLF nanocrystals in a liquid dispersion. First, the baseline of the
temperature induced emission variations was measured, as described
in section 8.1. Emission spectra were recorded at 5°C and 35°C, as
shown in Figure 9.1a. Higher temperatures shift the emission intensity
to the green emission centered around 522 nm corresponding to higher
photon energy levels, as expected. A first selection of the analysed
emission lines was made based on the emission spectra collected
from bulk Pr:YLF, shown in Figure 9.1, with the emission strength
relative to the background as main criterion. Besides that, spectral
separability of the desired emission from other peaks is also desired,
because it further assures correct measurement. Based on this set of
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Figure 9.1: Temperature dependent emission of a Pr:YLF bulk crystal mea-
sured at 5°C and 35 °C.

requirements the emission lines centred at 522 nm, 639 nm and 720nm,
respectively, were chosen for the conducted temperature measure-
ments. The strongest emission centred at 60y nm was excluded from
further evaluation, because the spectral shape of this peak, caused
by an overlap of different emissions lines, aggravates the numerical
fitting.

Therefore, the results presented in the following sections are all
based on the aforementioned emissions lines. The thermal sensitivity
and the temperature resolution achievable with Pr:YLF nanocrystal
dispersions were acquired using pulsed excitation. This was followed
by an assessment of the influence of continuous pumping on the tem-
perature measurement and the determination of the laser induced
heating rate. Lastly an application of the recalibration routine, pre-
sented in Chapter 5.2.2, is provided for the obtained measurements.
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0.1 SENSITIVITY AND TEMPERATURE RESOLUTION

Two different nanocrystal dispersions were used to measure the FIR
baseline. The main difference between the samples was the varying
nominal doping concentrations of 0.65at% and 2at%, whereas the
volume percentage of nanocrystals inside the solution was the same.
The results are shown in Figure 9.2. Both samples show tempera-
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Figure 9.2: Ratio of the emission intensities of the lines 522 nm and 639 nm
in (a) and 522nm and 720nm in (b), both shown for two different
samples with varying doping concentration.

ture dependent emission changes with slightly varying base levels of
FIRy, especially for the ratio of the emissions 522 nm and 639 nm. One
reason for this may be the luminescence background caused by the
ligand system, which is stronger around 639 nm compared to 720 nm.
Therefore, the emission at 639 nm is affected differently by the back-
ground compared to the two other peaks as shown in Figure 7.5a. The
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Figure 9.3: Dependence of the relative sensitivity of different Pr:YLF
nanocrystals on the integration time.

relative sensitivity of the nanothermometers, as shown in Figure 9.3 is
determined depending on the integration time to be approximately
0.8-1.1%/K, which is in accordance to previously reported values [22,
54]. The deviation between the sensitivities can again most likely be
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attributed to the luminescence background and its varying effect on
the different emission lines. The absolute value of the sensitivity does
not depend on time as expected, however the signal-to-noise ratio
increases for longer sampling times leading to a reduced measure-
ment uncertainty for longer integration times. The temperature on
the other hand strongly affects the sensitivity, as depicted in Figure
9.4, and an exponential decrease of the sensitivity can be observed.
Building on these sensitivity values, the temperature resolution at
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Figure 9.4: Dependence of the relative sensitivity of different Pr:YLF
nanocrystals on the temperature.

room temperature was then determined by including the measure-
ment uncertainty AFIR. Therefore, an influence of the integration time
on the temperature resolution is to be expected. The corresponding
curves are depicted in Figure 9.5. For short integration times or low
averaging rates, the temperature resolution is approximately 2 K-5K
for both samples. Because of the relatively stronger emission at 639 nm
compared to 720 nm, the intensity relation I5x0 4, /Is39 1 has a larger
signal-to-noise ratio and with that an improved temperature resolution.
This does not change, if the integration time is increased and the tem-
perature resolution for both FIRs is optimized for longer integration
and values below 0.4 K were achieved.

9.2 CONTINUOUS WAVE PUMPING

Additional experiments were carried out with continuous excitation to
estimate the influence of laser induced heating. The first observation
was the increase in luminescence background, as depicted in Figure
9.6a.

9.2.1 Laser induced Heating Effects

This could be due to the change of the pumping regime, but could
also be attributed to an increased oxidation of the oleic acid ligand
compared to the previous measurements. Still, the normalized spectra
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Figure 9.5: Temperature resolution for different Pr:YLF nanodispersions for
different integration times.
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Figure 9.6: Normalized emissions spectra of different Pr:YLF dispersions (a)
and a qualitative comparison of the signal-to-noise ratio of the
different samples.

show no major difference in the spectral shape of the background
emission. The main difference between the samples with different
doping concentration is the signal-to-noise ratio, exemplary defined
by the intensity difference of an emission peak and the underlying
background, as seen in Figure 9.6b.

The dispersion containing Pr(2 at%):YLF nanocrystals offers the
highest emission intensity and Pr(4at%):YLF the lowest. The sam-
ples with Pr(o.4 at%):YLF and Pr(3 at%):YLF show intermediate signal
levels, hinting at a local optimum of the emission efficiency of the
nanocrystals around 2 at% doping.

The samples also vary in the degree of oxidation, which affects the
luminescence background, as previously mentioned. One qualitative
way of accessing the oxidation inside the sample is the measure-
ment of the corresponding discolouration. This was done by placing
the samples in front of a neutral background, taking pictures and
analysing the color values of the pixels. The results are shown in
Figure 9.7 for the four samples and the values were calibrated using
the x,y-coordinates of the CIE colorspace [95] Besides the resulting
temperature measurements, the oxidation of oleic acid has additional
implications as it may influence the absorption and with that the laser
induced heating. Therefore, in the next step, the FIR was measured
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Figure 9.7: Qualitative characterization of the degree of oxidation of the
different samples, based on their discolouration. The coordinates
x and y are defined according to the CIE colorspace [95].

depending on the absorbed pump power for a constant excitation
wavelength. The results are depicted in Figure 9.8 for the two emission
ratios 1520 um /I639 nm and Ispoum /1720 nm. The correlation between FIR
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Figure 9.8: FIR depending on the absorbed pump power for the two charac-
terized emission ratios in (a) and (b)

and absorbed pump power should mainly be governed by the quan-
tum defect of nanocrystals and additional absorption mechanisms in
the host material or the ligand system. Therefore, the variations of the
FIR should not depend on the doping concentration. This assumption
is justified, if the efficiency of non-radiative transitions is assumed
to be equal for the involved energy levels °Pj and 3P; at any given
doping concentration. In this case the non-radiative transitions only
affect the signal-to-noise ratio, which is in accordance to the previously
shown data on emission efficiency, seen in Figure 9.6.

Following this argument, the values for 0.4at%, 3at% and 4at%
overlap with variations due to the differing signal-to-noise ratio, as
depicted in Figure 9.8. The 2at% sample however, shows a signifi-
cantly increased absorption and higher FIR and is an outlier for both
intensity ratios. The influence of non-radiative transitions inside the
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nanocrystals offers no explanation for this effect, because the emission
efficiency should be maximal around approximately 2at% leaving
only minimal energy to heat conversion, as discussed earlier. The oleic
acid remains as the cause of this deviation and this can be further
confirmed by a comparison between absorption and discolouration.

9.2.2 Calibration of Temperature Measurements

The previously obtained FIR values were converted to temperature
differences by using the sensitivity measured with pulsed excitation.
The doping concentration was neglected for this evaluation, as the
FIR measurement indicates no clear correlation between doping and
temperature increase. The resulting temperature differences AT are
shown in Figure 9.9. In this first assessment the temperature increase
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Figure 9.9: Temperature depending on the absorbed pump power in (a) and
conversion factor also depending on the absorbed pump power

(b).

strongly depends on the utilized intensity ratio with maximum val-
ues of approximately 80 °C for I I520nm/1720nm and roughly 30 °C for
500nm/ le39nm- As described in the earlier sections, this deviation could
be caused by differences in the lower lying energy levels and a non-
negligible lifetime of these energy levels. Therefore, conversion factors
were derived using the described formalism for both transitions 3Py —
3F, and 3Py — 3F,. The lifetimes for the lower levels were assumed to
be 58 us for 3F; and 125 ms for *F,, corresponding to reported values
for Pr:LaF3 [58] and Pr:YLF [96], respectively. The calculated conver-
sion factors are depicted in Figure 9.9b and a much stronger influence
of reabsorption for the intensity ratio Isponm/Is39nm can be observed
with the reason being the relative populations and the respective
absorption cross section.

Applying the conversion factor to the FIR measurements yields
new temperature values, as depicted in Figure 9.10 and now both
curves show a temperature increase of roughly 75 °C. Additionally the
absorbed pump power was also corrected to exclude the influence of
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ligand absorption, which cannot be precisely included in the recali-
bration algorithm. In a simplified approach, absorption values of the
2at% sample was reduced an approximated value of 20%. However,
this last recalibration step yields no major changes in the estimated
temperature as the values seem to be saturated.
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Figure 9.10: Measured Temperature increase corrected by numerically includ-
ing the reabsorption of fluorescence (a) and tolerance range for
the lifetime of the lower laser levels (b).

In the last step, a tolerance range for the lifetimes of the energy levels
3F, and 3F,; was calculated, because the lifetime values extracted from
the literature cannot directly be transferred to nanocrystal lifetimes.
The acceptance range for lifetimes is much larger for low pump power
as expected yet the accepted values for the two levels for higher pump
powers are 126 ms and below 2 ms. Therefore the tolerance range of the
conversion factor shows good agreement with the reported literature
values of 125 ms for 3F, and 58 us for 3F,.

9.3 CONCLUSION PR:YLF DISPERSION MEASUREMENTS

The aim of this chapter was to show the application of dispersed
Pr:YLF nanocrystals as nanothermometers, since liquid dispersions
are the most commonly used form in nanothermometry measurements.
These nanothermometers offer a high sensitivity as well as an efficient
excitation, as expected from the energy level scheme. A comparison to
other nanocrystals in terms of sensitivity and spectral position of the
transitions, is listed in Table 9.1.

However, some disadvantages of dispersed nanocrystals were also
revealed. The most prominent one is the low signal-to-noise ratio. Due
to this, the temperature resolution measured in this work was limited
to be 0.4K even in presence of the high sensitivity. One reasons for
this is the luminescence background, which in this case cannot be
completely suppressed, because the excitation wavelength of Pr®* and
the oleic acid ligand overlap. Therefore, the background can only be
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Table 9.1: Comparison between different nanocrystals and their specifications
in nanothermometer measurements.

Material Excitation  Signal Sensitivity =~ Source
Wavelength Wavelength (% /K)
Pr:YLF 444 nm, 520 nM- 0.8-1.1 This work
480 nm 720 nm
Nd:YAG 8o8 nm 938 nm, 0.15 [21]
940nm
Er,Yb:YNaF 920nm 525nm, 1.2 [20]
545nm
Ho,Yb:GdNaF640 nm 974nm, 2 [97]
1181 nm

minimized by preventing the oxidation of the samples during the
synthesis.

Another reason for the low signal-to-noise ratio can be found in
the measurement approach itself, as dispersion measurements offer
only a short interaction length and only negligible light guiding. The
amount of collected signal therefore strongly depends on the numeri-
cal aperture of the measurement system. Both of these restrictions can
be addressed by doping nanocrystals inside a host material with light
guiding properties, such as fibers or waveguides, as presented in the
following chapter.



ER,YB:YNAF DOPED POLYMERFIBER
THERMOMETER

In this chapter, the performance of the UC-NC doped polymer fiber
thermometer is characterized and again, the obtained specifications are
presented. First, the temperature dependent emission characteristics
were measured and a calibration range was determined. After that, the
sensitivity and temperature resolution were calculated for different
pump powers. The last sections include experiments and simulations,
which help to identify possible applications of the the sensor for
example in the presence of external fields.

A doped polymer fiber was set to different temperatures in a range
of 13—35°C to obtain the temperature dependent FIR values. Three
exemplary emission spectra and their temperature dependences are
shown in Figure 10.1a. A blue shift of the integrated emission intensity
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Figure 10.1: Temperature dependence of the fluorescence emission of an
excited polymer fiber in (a) and exemplary fits to assign the
emission lines to electronic transitions in (b).

can be observed, as expected from the energy level diagram shown in
chapter 7.2.1. This shift is quantified by assigning electronic transitions
to the emission peaks through fitting of Pseudo-Voigt profiles, as
depicted in 10.1b. The main energy level transitions responsible for
the two emission lines are 2Hyy/p — *Ij5,, and 4S5, — 4Ij5/, of
Er3* centered around 525 and 545nm, respectively. The following
analysis of the fiber thermometer is based on these measurement, if
not otherwise stated.
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10.1 SENSOR CALIBRATION

All measurements were carried out multiple times at different pump
power levels, because the absorption of the pump laser, especially
in the host polymer, also leads to intrinsic heating and with that
to variations of the emission. The baseline measurements necessary
for the sensitivity calculations were therefore performed at gomW,
162mW, and 234mW of absorbed pump power, respectively. The
temperature for each of those measurements was externally controlled,
as described in the corresponding section 8.2. The results of these
baseline measurements are given in Figure 10.2. A linear dependence
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Figure 10.2: Baseline measurements of FIR. Depicted in (a) is the temperature
dependence of the FIR for different pump powers and in (b)
linear interpolation of the temperature shifts inside the fiber due
to intrinsic heating effects.

of the FIR on temperature is visible in Figure 10.2a, as expected.
Applying linear regression yields the slope dFIR/dT for all pump
powers with a a high fit quality of R?>>0.99. The slope of the FIR is
equivalent to the absolute sensitivity of the thermometer and the value
of S, =~ 2.3% /K is found to be pump power independent.

The absolute value of the FIR measured nominally at room temper-
ature of approximately 22 °C, varies with the pump power indicating
an offset in the internal temperature of the fiber. This absorption in-
duced heating can be approximated by assuming oK of temperature
difference without pump power and again applying linear regression,
as shown in Figure 10.2b. The temperature offset can be calculated
to be 10K relative to the sample for the maximum value of applied
pump power. The longitudinal temperature distribution inside the
fiber is assumed to be homogeneous, which is justified for either
weakly doped or short fibers, because, for these fibers, absorption can
be linearly approximated [60]. For example, at an absorption rate of
6.7 dB/m, approximately 2.5% of pump power is absorbed per cen-
timetre propagation inside the fiber. This means only minor variations
in the amount of absorbed pump power between, e.g., the first length
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increment of the fiber and the last, which, combined with heat flux
inside the fiber, justifies the assumption.

Still, the need for a calibration of the sensor is apparent from these
measurements, since the value of FIR( directly influences the relative
sensitivity. For a valid calibration it has to be determined whether
the FIRy only depends on the pump power and if a steady state tem-
perature is reached for any given pump power values. The temporal
evolution of the FIR was therefore measured depending on absorbed
pump power and the results are depicted in Figure 10.3. The heat
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Figure 10.3: FIR of the UC-NC doped polymer fiber Thermometer measured
at different absorbed pump powers. Response after the pump
laser is turned on (a) equilibrium levels (b) and time constant
until the equilibrium is reached (c).

(@)

control was turned off for this measurements, therefore the shown
variations of the FIR directly correspond to a pump light induced
heating of the fiber and the time dependent temperature rise is given
in Figure 10.3a. The improved signal-to-noise ratio at higher pump
powers, due to stronger fluorescence emission, is also visible from the
reduced scattering of the obtained values. All of the FIR curves start
at values of approximately 14 %, which identifies this as the FIR at
room temperature. A state of thermal equilibrium inside the fiber is
reached after 40s-60s for all pump powers. The corresponding values
of the FIR are plotted in Figure 10.3b, where the linear correlation
of the pump power to fiber temperature again is visible, comparable
to Figure 10.2. To further quantify the temporal behaviour, exponen-
tial functions were fitted to the data, and the 1/e time constant was
calculated to be approximately 10 seconds, as shown in Figure 10.3c.

The influence of the fiber temperature on the sample temperature
can be estimated by comparing the FIR values at nominal sample tem-
perature of 21 ° C, Figure 10.2a, with the equilibrium values without
external temperature control, Figure 10.3b. For example, both figures
show an FIR of roughly 17 % at an absorption level of 234 mW. Since
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both measurements were performed at the same pump power, the
only difference is the sample temperature, which translates to the
room temperature plus the temperature change caused by additional
heat input through the fiber, in the case of the unregulated sample.
The influence of the fiber heating on the sample temperature can there-
fore be narrowed down to 0.5 K-1K for the maximum value of pump
power. Therefore, the heat dissipation inside the sample seems to be
fast enough, and the influence of the fiber on sample temperature is
negligible. The temperature sensitivity depends on FIRj and the abso-
lute sensitivity dFIR/dT, which is constant for different pump powers,
as mentioned before. The assumption that sample heating only creates
an offset in the thermometer signal, seems to be valid, and intrinsic
heating can be addressed by calibrating the sensor. Following this, the
total range of the measured values was used for the calibration range,
as shown in 10.4a.
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Figure 10.4: Calibration range of the polymer fiber thermometer.

Transversal variations of the fiber temperature can also cause mea-
surement errors and are not as easily accessible as the longitudinal
temperature gradient due to a lack of material parameters. How-
ever, the experimentally determined linear correlation between fiber
temperature and absorbed pump power can also be used to numeri-
cally identify material constants, by using equations presented in [60].
Among the most important parameters are the thermal conductivity k
and a coefficient for the surface temperature transport h. Especially
the value of h varies with material composition and surface quality
of the fiber and is therefore hard to access experimentally. Because of
this, a fitting function was applied to the temperature values derived
in Figure 10.2b. The fitting function

ﬂz Elz ﬂz
Tav:TC+QO 4 Qo Qo

ok T 2oh 3k (10.1)

is used to calculate average temperatures inside a fiber [60] with the
geometrical parameters, as shown in Figure 10.5. Even though the
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Figure 10.5: Model of a fiber consisting of a core and a cladding with the
radii a and b, respectively in (a). Linear fit of the average fiber
temperature and estimation of the parameters for thermal con-
ductivity h and surface temperature transport k (b).

validity of the fit is restricted due to the sample size, the calculated
values for h=8.29 W/m?K and k=0.18 W/mK are in good agreement
with literature values for comparable fiber types [60, 98]. The longitu-
dinal temperature distribution is homogeneous, as mentioned before,
and using these coefficients, the transverse temperature distribution
can now be calculated with the equations [60]

2 2
Tcore(r) = Tc + Qﬁf]f <211‘1 (%) + ;:) + Q:kﬂ <1 - (;>2> (10.2)

and

Tcladding(r) = Tc +

Qoa®  Qoa* | (r) (10.3)

2bh 2k b

The results of these calculations are presented in Figure 10.6. A tem-
perature increase of roughly 80K caused by 2 W of absorbed power
would lead to an absolute temperature value of 100°C, and there-
fore exceed the feasible temperature range of the host polymer. The
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Figure 10.6: Transversal temperature distribution inside the fiber (a) and
temperature error due to the calculated temperature profile e.g.
for 2 W of absorption (b).

amount of absorbed pump power affects the fiber performance beyond
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material degradation. A transverse temperature profile can lead to a
temperature error, as different nanocrystals are subjected to different
local temperature. The amplitude of this internal transversal tempera-
ture gradient is depicted in Figure 10.6. Low values of pump power
lead to small temperature gradients and a reduced temperature error,
as expected. However, the signal-to-noise ratio is also reduced for
these excitation regimes which in terms increases the measurement
uncertainty. Therefore, the right choice of pump power is crucial to
balance the accuracy of the measurement and tolerable heat input to
the system.

In terms of the calibration range the transversal temperature profile
yields an error of below 0.3K even at pump levels that would result in
a destruction of the polymer fiber sensor, as shown in 10.6b. Still, this
calculation hint at a minimum limit for temperature resolution even
at lower pump powers with values e.g. for 500 mW of absorption cor-
responding to 100 mK resolution. The actual resolution value should
exceed this numerical result, as the influence of the signal-to-noise
ratio needs to be factored in, as described in the following section.

10.2 SENSITIVITY AND TEMPERATURE RESOLUTION

The next step for the validation of the sensor is the determination of
the sensitivity, as defined in chapter 5. The previously determined
values of the FIR and dFIR/dT are decisive for this and the resulting
sensitivity is shown in Figure 10.7. The results range from 1.37 % /K
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Figure 10.7: Sensitivity of the UC-NC doped fiber sensor depending on
integration time (a) and temperature (b).

to 1.45 %/K at absorbed pump powers values of 234 mW and gomW,
respectively. The observed difference in sensitivity is a consequence
of the temperature increase inside the fiber. This correlation is also
depicted in Figure 10.7b by the sensitivity values at different nominal
sample temperatures. As depicted, there are only minor influences of
the integration time on the absolute value of the sensitivity, as expected
from the corresponding formula. Contrary to that, the temperature res-
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olution is heavily affected by the signal-to-noise ratio and therefore the
integration time. This correlation can be seen by the progression of the
curves in Figure 10.8a. For short integration times, the signal-to-noise
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Figure 10.8: Temperature resolution AT as a function of integration time (a)
and measurement frequency as measured by a step response (b).

ratio obtained at high pump powers prevails the reduced sensitivity,
and the optimal resolution of approximately 0.25K is reached for the
highest pump power. In comparison to that, the resolution for the
minimum pump power and a short integration time is ~1 K. The
signal-to-noise ratio gradually improves for longer integration times.
This leads to an increase in the temperature resolution for all pump
powers with the final values of 200s of 19 mK, 85 mK and 154 mK for
the pump powers gomW, 162 mW and 234 mW, respectively. Compar-
ing these values to the numerically obtained error margins, presented
in the previous section even hints at further optimization potential by
taking additional measures to enhance the signal-to-noise ratio.

The consequence of the temporal evolution in terms of applications
is that low pump powers should be used in environments with slowly
varying temperatures, whereas high pump powers are desirable for
robust samples with quickly changing temperature. Further investiga-
tions were carried out, specifically on fast temperature variations by
measuring a step response, as depicted in the inset of 10.8b. Different
moving averages were used to evaluate the temperature resolution
by comparing the sensor read out value with a reference signal that
was electrically measured. The resulting settling time was converted
to the depicted measurement frequency. This analysis shows that tem-
perature resolutions of 0.5K can be maintained even at temperatures
oscillating with 0.4 Hz.

In conclusion to this section, Table 10.1 shows the results for sensi-
tivity and temperature resolution compared to different sensors based
on passive polymer fibers [94] and Er,Yb:YNaF NTs [83]. This com-
parison highlights that especially the temperature resolution benefits
from the combination of the both approaches, the high sensitivity
of nanothermometers and the excellent signal-to-noise ratio of fiber
based measurements caused by their light guiding character.
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Table 10.1: Comparison of different temperature sensors.

UC-POF Er,Yb:YNaF NTs POF Sensors

[20, 83-85] [94, 99, 100]
Sensitivity (%/K) 1.45 1.2-1.1 0.192-0.104
Temperature ) 3 B
Resolution (mK) 9 3
Temperature —50-210 —55-70

Range (°C)

10.3 INFLUENCE OF FIBER DIMENSIONS

The geometrical dimensions of a fiber play an important role in the op-
tical characteristics as well as the applications ranges. For example, the
absorption scales with the fiber length and the number of supported
modes depends on the numerical aperture and therefore the fiber
radius among other things. In terms of the fiber thermometer, the fiber
length can be expected to be more important, as light guiding and
interaction length is the main reason for the improved temperature
resolution of the UC-NC polymer fiber compared to other applications
of dispersed UC-NC.

For this reason, the emission was measured for different fiber
lengths between 13 and 6 cm. The fluorescence emission was then
interpolated using the equation

P(z) = “(1 - exp(~zn) (10.9)

which is used to describe spontaneous emission intensity along a fiber
[101]. The parameters are a for the wavelength dependent attenuation,
C as a measure for spontaneous emission, and z for the fiber length.
The corresponding spectra are shown in Figure 10.9a. The standard
evaluation of the FIR, consisting of fitting followed by an integration,
was then conducted for all curves and the resulting fit error was
calculated. The result of these calculations is that the fiber length could
be reduced to 2.5cm without a major temperature error. However,
additional steps such as an increase in pump power may even further
push this border.

10.4 INFLUENCE OF EXTERNAL FIELDS

Monitoring temperature in the presence of external fields is a chal-
lenging task for most available thermometers e.g. the commonly used
Pt1oo. Optical thermometers on the other hand, should be mostly
insensitive against such fields and this section aims to investigate
this robustness against the influence of external electric and magnetic
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Figure 10.9: Fluorescence emission for different fiber lengths via measure-
ment and interpolation (a) and estimation of the fit error caused
by the reduced signal-to-noise ratio for shorter fiber lengths.

tields with experimentally measurements and numerically estimations,
respectively.

10.4.1 Electric Fields

The applicability of the UC-NC polymer fiber thermometer inside
an electric field was investigated by placing the fiber inside a plate
capacitor, as described in Chapter 8.2. The emission was the measured
for different applied voltages. The corresponding field strength ranges
from 0kV/cm to 12.5kV/cm. At the highest values the emission was
monitored even during multiple discharges. The resulting fluores-
cence spectra are depicted in Figure 10.10a for different electrical field
strengths. The physical relations between external electric field and

= [ okv/em @ | o6l ®)
= 2.5 kV/cm ; ¥5 e Assumed
3 | 5kViem 150 O,x0.5nm Shift
2 7.5 kV/em 1 = 2
< 12.5 kV/cm = A
S 1513 o
= N Measured Values
O = . . . . . 1.2L, . ‘ . s
480 520 560 600 0 10 20 30 40
Wavelength (nm) Sample Temperature (°C)

Figure 10.10: (a) Normalized fluorescence of a Er,Yb:YNaF POF exposed to
different electrical fields and (b) assessment of the variation of
the sensitivity change that follows a 0.5 nm shift of the emission
lines.

energy level distribution are described by the Stark effect [46] and
deviations that could be anticipated are the onset of new peaks fol-
lowed by a shift in the emission shape or a relative spectral shift of
the emission lines relative to one another. None of these deviations
are visible from the normalized emission, seen in 10.10, and tempera-
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ture measurement with the fiber sensor as described earlier are still
possible in the presence of electric fields.

This measurement proves the absence of a susceptibility to electric
fields with an amplitude higher than the spectrometer resolution of
o.5nm. Shifts of the energy gap AE causing smaller emission changes
than 0.5 nm are still possible. Therefore, the sensitivity deviation result-
ing from a positive and negative shift of the emissions was calculated

with [22]
AE

kpT?
The results, shown in Figure 10.10b, are the maximal possible errors
that could be missed due to the spectrometer resolution. The sensitivity
ranges from 1.38 %/K to 1.44 %/K, for shifts corresponding to -0.5 nm
and o.5 nm, respectively. If a linear correlation is assumed this leads to
an error coefficient of approximately 50 ppm (kV/cm). This calculation
again demonstrates that highly sensitive temperature measurements
are still feasible even inside strong electric fields.

S (10.5)

10.4.2 Magnetic Fields

Magnetic fields are the second external perturbation, besides the
electric field, that are be present in many applications, from batteries
to medical examinations. The investigation of the sensitivity of the fiber
thermometer to such fields was performed by a numerical analysis.
Generally, the splitting of energy levels in the presence of magnetic
fields is described by the Zeeman effect [32] or the Paschen-Back
effect [46] for weak or strong magnetic fields, respectively. Further
divisions can be made depending of the quantum number s with the
normal Zeeman effect for s=0 and the anomalous Zeeman effect for
s#0. The degree of splitting is determined the angular momentum
and energy levels split into a maximum of 2L+1 sub-states, again
denoted by quantum number m. This splitting is illustrated for two
arbitrary energy levels and the normal Zeeman effect in Figure 10.11.
The corresponding energy shift AE of a single sublevel j is given by

AE = gjm;ugB (10.6)

and depends on the field strength B, the Bohr magneton yp the Landé
factor [46]

jG+1) +s(s+1)—=1(1+1)

2 +1) |
As mentioned earlier, nanothermometry measurement depend on the
spectral separability of two emission levels originating from different
energy levels, as described in Chapter 5. The magnetic fields Byax that
causes an overlap of the lowest and highest Stark levels of the two
laser levels can be seen as limitation and the corresponding

AE
g1my — gzm2)ﬂB

gi=1+ (10.7)

Biiax = ( (10.8)
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Figure 10.11: Schematic energy level splitting caused by the normal Zeeman
effect and allowed optical transitions.

can be derived from Equation 10.6 [62].

Thus, this equation is used to calculate the feasibility of a nanothermometer
measurements inside an external magnetic field by estimating the
spectral separability of emission lines for the case of Er®". The spec-
tral distance of the emission lines, corresponding to the transitions
4Hy, /2 —445 /2 and 4G, /2 —45 /2 transitions of Erdt is plotted over
the magnetic field strength in Figure 10.12.

OL, . . .
0 50 100 150 200
Magnetic Field Strength (T)

Figure 10.12: Influence of the magnetic field strength on the spectral distance
of two Stark levels approximately corresponding to the transi-
tions 4H11/2 —)4115/2 and 453/2 —>4115/2 of EI‘3+.

As is shown, the magnetic field, resulting in a overlap of the depicted
emission lines is 200 T. The maximal magnetic field value tolerable
in a measurement additionally depends on the instrument resolution
and the non-negligible line width of the emission lines.

In the case of the fiber thermometer the spectral resolution limit of
the two emission lines were assumed to be the half of their linewidth
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combined with the spectrometer resolution. Applying approximated
values of 5nm for the linewidth and a spectrometer resolution of
0.5nm, led to a minimum spectral distance of 3 nm before numerical
separation of the emission lines becomes impossible. The correspond-
ing magnetic field strength was then calculated to be approximately
170 T. The sensor should therefore be applicable in most applications
that utilize static magnetic fields such as MRIs [102] where the applied
field strength is mostly below 10T.



CONCLUSION TEMPERATURE RESOLUTION

The previous chapters g and 10 presented the characterization of differ-
ent nanocrystals systems used for nanothermometry measurements.

It was shown that the fluorescence emission of both, Pr:YLF and
Er,Yb:YNaF offer a high sensitivity to temperature changes in the
range of 0.8-1.45 % /K, depending on their energy level scheme. The
recalibration of sensitivity curves obtained with pulsed excitation
was shown for continuous measurements performed with dispersed
Pr:YLF nanocrystals, with a lifetime tolerance in agreement with
values reported for other Pr’* doped systems. Still, the signal-to-noise
ratio was identified as main limitation for the temperature resolution
in dispersion measurements.

Consequently, a polymer fiber thermometer doped with Er,Yb:YNaF
was developed, which manages to greatly increase the signal-to-noise
ratio and temperature resolutions below 50 mK were achieved. Fur-
thermore this thermometer offers a high robustness against external
influence, shown for electric fields and magnetic fields and inhibits all
mechanical and chemical properties of polymer fibers. Future research
on this thermometer type should therefore be aimed at increasing the
degree of integration e.g. in endoscopic applications, as depicted in
Figure 11.1. Comparable setups could be used to address needs of
temperature measurement as discussed in the introduction, e.g. moni-
toring temperature in batteries or due to its biological inert properties
to measure temperature in food or medicine.

Beam Delivery Fiber
Doped Fiber
Microcontroller
+Display
Endface
Mirror
Laser Diode

Isolator Dielectric Mirrors

Mirrors

Figure 11.1: Possible setup for an integration of the polymer fiber thermome-
ter in endoscopic applications.
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However, the main drawback of this fiber based setup is the near
complete surrender of spatial resolution, because the fiber needs to
be roughly 2 cm long to unfold its benefits, as shown in previous sec-
tions. Therefore, for high spatial resolution measurements nanocrystal
dispersion should still be preferable and one approach to achieve even
sub-diffraction limited resolution is presented in the following part of
this thesis.



Part IV

SPATIAL RESOLUTION IN
NANOTHERMOMETRY






NUMERICAL MODEL FOR STED
NANOTHERMOMETRY

In this chapter a numerical model is presented, which combines a
STED microscopy approach with nanothermometers to achieve high
spatial resolutions in temperature measurements. First a brief overview
over the theoretical background of STED microscopy is given. Follow-
ing that the numerical model for beam propagation through active
media is described. The main findings are then presented in the sub-
sequent section. Additionally, the results shown in these chapter were
published in [2].

12.1 STIMULATED EMISSION DEPLETION

Since the discovery of the diffraction limit in confocal microscopy and
its formulation by Abbe [103], many efforts have been made to break
this barrier and enable sub diffraction limit imaging. One particular
successful approach was the STED microscopy invented by Stefan Hell
and Jan Wichmann in 1994 [104] and consequently awarded with the
Nobel prize for chemistry in 2014. The great part of STED microscopy
is that its fundamentals seems easy to understand yet it manages to
achieve astounding results.

The general principle is similar to fluorescence microscopy, where
an optical active material is excited and the emitted fluorescence is
collected. Since the backwards emitted light is then used as signal, the
spatial resolution is determined by the spotsize of the excitation (EXC),
as depicted in Figure 12.1. Building on this, STED microscopy utilizes
stimulated emission to suppress the fluorescence emission from certain
areas, by depleting the excited energy levels. The stimulated emission
is directed according to the incident depletion (DEP) photons therefore
only non-depleted areas emit light backwards and the new resolution
is given by a superposition of EXC and DEP, as seen in Figure 12.1. By
using STED microscopy spatial resolutions even below 100nm can be
achieved in non-contact measurement [105] thus vastly exceeding the
diffraction limit.

So far high laser powers are used for STED microscopy to assure
sufficient signal strength and fluorescence suppression. This imposes
a potential drawback of these methods but it is already addressed in
various studies [106, 107]. One way to overcome this barrier of high
laser power in STED applications is to work on emission and DEP
efficiency of the active materials. This can be done by tuning of the
doping concentrations of the active ions inside the nanocrystals thus
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Excitation Excitation + Depletion

)

Transversal Distribution Transversal Distribution
(a) (b)

Figure 12.1: Spatial restriction of the fluorescence emission visualized
through only excitation (a) and combination of excitation and
depletion (b).

utilizing energy migration processes for effective DEP [106]. Another
approach is to optimize the timing of EXC and detection which leads to
an improved signal-to-noise ratio even at low pump powers [107]. The
principle of STED microscopy can be translated to other fluorescence
based measurement methods and a detailed numerical study of its
potential in nanothermometry is shown in the following sections.

12.2 BEAM PROPAGATION METHOD FOR ACTIVE MEDIA

A numerical model was developed to estimate the viability of tem-
perature measurements below the diffraction limit. This was done by
combining wide angle beam propagation formalism [108] with laser
rate equations. The model was developed for 2-D simulations of a
cylindrical symmetric system. The fundamental idea is to model a
confocal microscope with an added DEP beam, similar to the afore-
mentioned STED microscopy. A depiction of this setup alongside an
exemplary sample with dispersed nanocrystals, is shown in Figure
12.2. As given in the picture, the beam delivery and the geometrical
setup correspond to a confocal microscope. The numerical aperture
of the imaging system is assumed to be large enough to capture all
of the backwards emerging fluorescence. Therefore, the propagation
beyond the sample dimension is not necessary.

However, it could be incorporated into the model on the cost of
computational resources, if desired. The corresponding spatial res-
olution Ax of a confocal microscope can be calculated by the beam
divergence 0, the refractive index n and the EXC wavelength Agxc
to be approximately 0.35Agxc/(nsin(0)) [109]. The sample consists of
nanocrystals homogeneously dispersed inside a medium, as shown in
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Figure 12.2: Exemplary depiction of a confocal setup with input fields corre-
sponding to EXC and DEP in (a) and a depiction of the geomet-
rical dimensions of the sample with dispersed nanocrystals in
(b). Figure partially reprinted from own publication [2].

Figure 12.2b. The modelling was carried out by an iterative algorithm,
represented by the corresponding flow chart in Figure 12.3.

| Input Field EO(X,O)] Sample Data

Refractive
Index n

Population
Densities
NZINll NO

z25=Zo+Az

Propagation

[ New Field E(x,zg+Az) ]

v
EZD-Field distributionsj [Spatial Resolution]

Figure 12.3: Flowchart of the algorithm used to simulate the STED
nanothermomertry.

In the following sections the two parts, propagation and rate equa-
tions, as marked by the elliptical edges in Fig. 12.3 are described,
starting the formalism for the beam propagation. Further details on
the general formalism can be found in [108, 110].

12.2.1  Wide Angle Beam Propagation

The fundamental equation used to model the propagation of light
fields E=E(x,z), which the coordinate x perpendicular to the propaga-
tion direction z, is the scalar Helmholtz equation

0°E oE 9’

o7 ~ 2inoko——+ = +k§(n* —n3)E =0 (12.1)
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with a reference refractive index ny, the free space propagation con-
stant kg and the refractive index of the considered medium n. Unlike
most other beam propagation methods the wide angle formalism does
not use the slowly varying envelope approximation, which neglects
the fast varying term 9%E /9z>. Instead, the equation is rewritten to

1. 2i _
ﬁD E— fDE +PE=0 (12.2)
with
D= 9 (12.3)
= 3
K = kony, (12.4)
and
_ 1 > 2.2 2
P = ﬁ ﬁ + (kon — K ) . (12.5)

By solving this equation similar to a quadratic differential equation, a
solution for dE/dz is determined to be

DE = 35 = —iK ( (1+P)— 1) E. (12.6)
Different expansion approaches can be used to evaluate this expression,
and for example applying the first-order Taylor expansion yields the
paraxial approximation for light propagation. Since this approximation
is not valid for the simulation of strongly focussed lasers beams, a
Padé expansion is used [108] with the polynomials M and N, with the
degree m and n respectively, such as

My (P)
1+P) -1~ . 12.
Therefore, equation 12.6 can be rewritten to
JE . M, (P)
Fe iK N, (P) E. (12.8)

A detailed derivation of the Padé polynomials of arbitrary degree can
be found in [110] and here only the exemplary zero order is discussed.
The starting point of the calculations is again the wave equation which
is recursively expressed as

i]n = —z'KPi/az. (12.9)
0z 1+ ﬁg‘n—l

Assuming that the zero order z-derivative is equal to zero, the first-

order approximation, referred to as (1,0) Padé approximation, is there-
fore

oE ., P
5 = —ZKEE. (12.10)



12.2 BEAM PROPAGATION METHOD FOR ACTIVE MEDIA

The numerical implementation is done by using the finite difference
method [110]. These numerical method relies on the discretization of
the derivative d/dz into discrete steps with the width Az like

dE Ez+Az — EZ
1= A (12.11)

and

d2E Ez—Az —2EZ 4+ EZ+AZ

dz2 Az2 '
One exemplary implementation is the forward scheme, where the field
at the node j+1=zp+Az is derived from the discretised values of the
field in the plane j=z¢ as shown in Figure 12.4. Another implementation
is the Crank-Nicolson scheme [110], which is shown in Figure 12.4c,
which is commonly used due to its increased numerical stability.
Applying the Crank-Nicolson discretization to equation 12.8 leads

(12.12)

z

E(+1,3) E(+1,i-1) E(]+1 1) E(j+1,i+1) E(j+1,i-1) E(]+1 i) E(j+1,i+1)
<—>.
X
Az

EGi-1)  EGi)  E(itl) E(Jl) ]11) E(]l E(],1+1)

@) (b) ©

Figure 12.4: Different variants of finite difference schemes. Shown in (a) the
forward in (b) the backward and in (c) the combined Crank-
Nicolson scheme [111].

to an expression of the field at postion z=j+1 in dependency of the

position z=j

N — iKAz(1 — a)M
N +iKAza M

where « is introduced a a parameter to ensure numerical stability

[111]. This equation can also be written as [112]

pivt = Lico&P'
i= OXZP

Eitl = El (12.13)

(12.14)

using the polynomial coefficients ¢ and x, because both M and N are
polynomials of degree n.

The numerical implementation of equation 12.13 is done by a multi-
step method according to [112]. For this, both numerator and denomi-
nator of the polynomials in equation 12.13 are expressed by their roots,
leading to

(14 a1P)(1+ aP)...(1 +a,P)
Fitl — (5 B (1T BaP) (15 prP) E/, (12.15)
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which can be rewritten into a multi-step expression of n steps as
Eity — (A +aP)

A+ pP )EHFT{ (12.16)

The parameters «; and B; are derived for a second order Padé approxi-
mation by inserting the corresponding values for M and N in equation
12.13, which after rearranging [110] results in

1+P {7 . zKAz(l a)} 1 p2 {7 _ w

Eitl — ‘
1+7’[1+@]+7’2 (16 + *9*]

} El. (12.17)

Combining equations 12.14 and 12.17, the coefficents {1, and ), are
then determined to be

¢1 = Z - zKAz(21 — 0‘), (12.18)

6 = - Kexlme) (12.19)

o= § n iKAzo (12.20)
4 2 7 '

X2 = i iKAza (12.21)
16 4

while ¢p and xp are equal to one. The relations between these parame-
ters and a1 » and B4, are derived from multiplications up to the second
order, namely n equal to two in equation 12.15, and are given by

ayp = % -61 - \/C%—Téz} ; (12.22)
Pr= % &+ \/C%—iﬁléz} , (12.23)
&2 = % -Xl - \/M} / (12.24)
B2 = % _X1 + \/M} : (12.25)

Once all parameters are defined the second order split-step propaga-
tion of the light field E performed staring with the first propagation

step as
1+aP 1+aP Ly

1+ 6P
Inserting P, as defined in 12.7, and consequently applying the finite
difference discretization, given in 12.12, results in

Eitz = (12.26)

j+1 jti j+3
p1 E 2 ZE f Ez+12 ﬁ(kZ _ KZ)EjJF%
KZ sz Kz i

] ]
o El 2B+ El,,

K2 sz 1<2 3

e

(12.27)

_r 2 2N\ f
=E + k—K)EZ..
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There are different ways to efficiently solve equations like these and
one popular is the Thomas algorithm [110], which is mostly used
to solve tridiagonal matrix equations. Therefore, equation 12.27 is
rewritten by separating the variables in a way that it can be expressed

by

b ¢ 0 0 Ey* -
b 0 E{—‘ri r1
j+2
a b c 0 00 0] |E _ | (12.28)
-
b E;tzl Yn—1
I a b _E{f%_ | 7|
where
Bi
aj = A2 (12.29)
2B, 1
b] =1-— KzA;Z + %(kz — Kz), (12.30)
Bi
cj = A2 (12.31)
j j j
ri=E + @ i1 Axlz as s ﬁ(k2 — K*)E. (12.32)

This wide angle formalism allows for the simulation of highly diver-
gent beams, as shown in Fig. 12.4, and as mentioned earlier, it can
even be extended to higher order Padé approximation if needed.

12.2.2  Depletion Intensity

The second part necessary to describe the propagation of light in this
model are the laser rate equations [110]. This set of equations is used
to calculate populations dynamics of the energy levels, as mentioned
in chapter 4.1. The populations densities N;, with i(=0,1,2,...) being the
index of the corresponding energy levels, combined with the optical
cross sections 0ems and o, can then be used to calculate the refractive
index by further expanding it into real and imaginary part to account
for amplification and absorption like

n(A) =no(A) + ik
A (12.33)
= np + ZE(NZUems(A) + Nlaems(/\) - NOUabs(A))'
Material absorption or scattering could further influence the propa-
gation but these mechanisms were neglected due to the low sample
thickness. However, if needed they could be incorporated into the
algorithm.
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The basic equations are similar to the ones presented in earlier
sections. The most important one for this application is the steady
state equation describing the population density N inside the upper
laser level, which for the steady state can be derived to be

Uaizbsillsm
N, = VEXC ) 12.
2 L_i_ Tabs [ExC + Oems IDEP (12.34)
1 hvexc hvpep

Inside the STED nanothermometry model, this equation is used to
estimate the spatial distribution of the fluorescence emitting levels.
Also from this expression, the saturation intensity can be derived to
satisfy the condition

1
Ny (Iexc = Isat) = ENZ(IEXC =0). (12.35)

Since the probability of the emission of a photon is proportional to
the population density Ny, this corresponds to the seed intensity at
which this probability of fluorescence emission drops below 1/e. The
saturation intensity is then calculated by

1 + Tabs IEXC )
Oems 12,1 Oems hVEXC

Isat = hvpgp ( (12.36)



RESOLUTION IN STED NANOTHERMOMETERY

The input fields for EXC and DEP consist of a Gaussian laser mode
TEMyp and a TEMy; (1D approximation of a donut mode), respectively.
The transversal distributions and an overview of the longitudinal
propagating fields are depicted in Figure 13.1. The total power and
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Figure 13.1: Depiction of the propagating fields EXC, DEP and the emerging
fluorescence. Shown are the transversal distribution of the input
fields (a) and the longitudinal propagation of all fields (b). Figure
partially reprinted from own publication [2].

FWHM of the EXC is kept constant throughout the simulations, and
only the power and the beam waist of the DEP are varied, with the
latter defined as the outer diameter of the TEMy; mode. These varia-
tions are expressed by the ratio of powers PR=Ppgp/Ps,t, where Pgyt
is calculated from the saturation intensity Is, at which the popula-
tion of the upper laser level drops to 50 % of its initial value [105].
The material specific relations of Is,; can be derived from the laser
rate equations [110], depending on the EXC intensity Igxc and the
fluorescence lifetime T, to be

1 4 Gabs Iexc )

(13.1)
OemsT  Oems NVEXC 3

Isat = hvpgp (
The other parameter, that was varied throughout the calculations, is
the beam waist ratio BR=wpgp/Wgxc.

The simulation window, as shown in Figure 13.1 spans up to 14 pm
in the z-direction, and the simulations were conducted for forward
and backward propagating fields as shown in Figure 13.1b. The incor-
porated fields are EXC, DEP and two different emission lines, each for
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two directions, resulting in eight different simulation slots. The spatial
resolution Ax is then given by the transverse distribution of the excited
energy levels, N> and Nj. More specifically different definitions for the
resolution can be applied which are distinguished by the acceptable
noise level, as shown in Fig. 13.2. One, Axsg,, corresponds to the
definition of resolution commonly used in optical microscopy, which
is depicted in Figure 13.2a. However, since the signal-to-noise ratio is
a crucial parameter for the temperature resolution, another definition
was applied. For this definition a conservative assumption of a 5%
noise level was made. Therefore, Axse,, is more in accordance with
nanothermometry measurements where the complete signal strength
measurable above the noise level of 5% is considered.

w7 A T [Bra "—DEP=0
—DEP=1.3Isat

S AX50%
= 50
Z

- Ax5%

5p—

Transversal Plane (a.u.) Transversal Plane (a.u.)

(a) (b)

Figure 13.2: Two definitions of the spatial resolution, Axsge, corresponding
to optical microscopy and Axse, used in accordance to nanother-
mometry measurements in (a) and the construction of popula-
tion densities due to depletion in (b). Figure partially reprinted
from own publication [2].

The initial value for the sample thickness was 8onm, which is
equivalent to the minimal axial resolution achieved in a 4-Pi confocal
microscope [113].

Up to this point all defined correlations and parameters can be
universally translated to different active materials. However, to solve
the rate equations, certain material specific parameters are necessary
such as the optical cross sections o,ps and ems, and the fluorescence
lifetime 7.

Pr:YLF NCs were chosen as model system because they combine
high sensitivity to temperature changes of 1.1% /K [22] with a short
EXC wavelength of e.g. 444nm or 480onm [45], therefore enabling
a tighter focussing of EXC compared to e.g. Er,Yb:YNaF. The wave-
lengths of the input fields were consequently chosen according to the
Pr:YLF transition spectra [22] to be 444 nm and 607 nm, respectively. By
choosing a DEP beam at 607 nm a large spectral separation of the two
signal beams of 520nm and 639 nm whose FIR is used to determine
the systems temperature is assured.

Pr:YLF nanothermometer enable an easy spectral separation of sig-
nal, excitation and depletion, which again highlights their potential
for such applications. The EXC waist wq of the Gaussian beam was
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chosen to be 500nm, and the EXC fluence was set to 1200 MW /cm?.
This fluence was chosen for multiple reasons. First to assure sufficient
fluorescence emission and secondly because similar values are cur-
rently used in other STED approaches [104, 105]. However, the high
level of laser radiation may cause additional heating, as discussed in
detail in the previous sections containing the doped polymer fiber.
Therefore, the tolerance of sample heating needs to be determined
before the measurement. If the application allows a small temperature
increase, these effects can be calibrated, as shown in previous sections,
and exact temperature measurement is still possible. Else, additional
measures can be taken to minimize this, e.g. utilizing short pulses or
adapting the active ion, and with that tuning the excitation wavelength
to prevent host absorption, have proven useful to minimize heating.
The lateral resolutions depending on both the PR and the BR were
calculated and the results are given in Figure 13.3. Improvement in
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Figure 13.3: Influence of power ratio Pppp/Pgpxc and beam waist ratio
wpgp/ Wexc, on both resolutions for the two definitions Axgge,
in (a) and Axsg, in (b). Figure partially reprinted from own pub-
lication [2].

spatial resolution is accompanied by a decrease in temperature resolu-
tion. This effect can be explained by a change in the signal-to-noise
ratio, which arises as the outer shape of the population distribution
changes from a Gaussian to a steeper distribution, as depicted in
Figure 13.2a. Through this, the FWHM of the population strongly
decreases, which consequently leads to the mentioned enhancement
in spatial resolution. On the other hand, the signal-to-noise ratio as de-
fined by the noise level in Figure 13.2a decreases and following this the
AFIR increases. This opposite behaviour of spatial resolution and tem-
perature resolution was already observed in other nanothermometry
applications [28], though STED nanothermometry manages to push
the severance of this trade off to higher spatial resolution than what
was previously reported. However, a trade-off between the two resolu-
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tions is inevitable for both definitions of Ax, as shown in 13.3. Since
this work is aimed to find an optimal compromise between the spatial
resolution Ax and the temperature resolution AT the definition of
Axso, is used for further calculations.

The product of both resolutions is used as a figure-of-merit to
quantify the performance of STED nanothermometry. The results are
shown in Fig. 13.4. It might be necessary to adapt the figure-of-merit

12 T T T T
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0 1 2 3 4 5 6
Power Ratio (PR)

Figure 13.4: Combined resolution value as a figure of merit to optimize
the parameters. Marked by the white circle is the optimum
point which corresponds to the minimal depletion power that
still leads to sub-diffraction spatial resolution. Figure partially
reprinted from own publication [2].

for specific measurement, however the simple product is well suited to
study the general performance enhancement. The overall performance
is optimized by gradually increasing PR and BR, respectively. The
combination of large EXC diameter and strong EXC power compen-
sates the aforementioned shape of the population distribution through
assuring sufficient noise suppression, though on the cost of a reduced
improvement in spatial resolution.

To highlight the spatial resolution and to further evaluate optimal
parameters for applications, the parameter space, as shown in Figure
13.4, is divided in two regions, A and B, marked by the dashed line
in Figure 13.4. The main distinction between the two regions is the
corresponding spatial resolution with the boundary value being the
limit of the corresponding confocal microscope. Furthermore, to avoid
laser induced heating the DEP power should be kept at a minimum
value. High DEP powers also lower the absolute fluorescence intensity
Pout extractable from the system by reducing the population of the
emission levels. The optimum point for sub-diffraction limited ther-
mometry is therefore chosen as marked in Figure 13.4. At this point
temperature measurements below the diffraction limit are possible,
while maintaining the value of AFIR below 8 %.
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Building up on this general assessment, further calculations can be
performed to estimate the influence of the sample position, relative
to the EXC beam. These results correspond to an axial scan through
the sample and help to deepen the understanding of the fundamental
relation between temperature and spatial resolution. The simulations
were carried out at the values of PR and BR previously defined as
the optimum, shown in Figure 13.4. The dependence of the inverse
resolutions Ax~1, AT, and the total emission Py are presented in
Figure 13.5.

First, different sample positions are considered, as depicted in Figure
13.5a, and again a complementary tendency of the temperature and
the spatial resolution becomes visible, especially outside of the focal
region (£2 ym). This behaviour can be again explained by a change
in the shape of the population distribution due to the DEP, which is
stronger around the focal plane and weaker in the other regions. Pyt
also reaches a minimum value in this region due to the strong DEP in
the focal plane. The local maximum of the inverse AT should prove
useful in further optimizing the measurement for specific applications,
as it shows that even inside the focal region precise temperature
measurements are possible.
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Figure 13.5: Dependence of the AT, Ax and Pyt on the position of the sample
relative to the EXC beam (a) and on the sample thickness (b).
Figure partially reprinted from own publication [2].

Increasing the sample thickness, while keeping the central position
leads to correlations, as shown in Figure 13.5b. Here both resolutions
drop as less depleted regions are included, while P, strongly in-
creases for thicker samples because of the higher total number of
active ions providing the emission. The absolute decrease is lower
than the values for different sample positions, which is as expected
since the highly depleted regions are always included.

Both numerical studies highlight the potential of adapting spatial
and temperature resolution to applications, following the correlation
between AFIR and FWHM. They also show the feasibility of tempera-
ture measurements in voluminous media with high spatial resolution
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and ways to address the required compromises, by e.g. shifting the
sample position.

13.2 ABSOLUTE TEMPERATURE RESOLUTION

As mentioned before, the developed model is applicable to different
nanothermometers systems. The fundamental parameters necessary
to evaluate the performance of a nanothermometers are discussed in
the first part of this work. As a brief repetition, most important are

the sensitivity
dFIR
= ———FIR .
§ = —7 FIRo (13.2)
which is independent of the spatial resolution and only depends on
the energy level structure and the emission lines of the material [20]

and the temperature resolution

11
AT = ﬁROgAFIR (13.3)
which is derived from S, the value of the FIR at the center of the
measurement range (FIRy) and AFIR [22].

Most of the current research is aimed at optimizing the sensitivity
and explain its role in resolution e.g. [52]. The model presented here
provides the other part in the optimization by addressing the signal-
to-noise ratio, as evident by Equation 13.3 . The minimum AFIR with
a simultaneous value of Ax below the diffraction limit achieved in
the simulation was 5.8%. Applying this to sensitivities of currently
used nanothermometer reveals their possible temperature resolution
in nanoscale measurements and the results are shown in Table 13.1.
This numerical study reveals necessary steps to increase the spatial

Active Material FIRg | S (%/K) | ATzq. (K)
Pr:YLF[22] 1 1.1 +2.5
Er,Yb@Yb,Tm:LaF [114] | 0.38 5 *1.5
Tm,Ho,Yb:YAG [52] 3.35 0.7 +1.25

Table 13.1: Sub-diffraction limited temperature resolutions theoretical achiev-
able with STED nanothermometry at Ty of 20°C.

resolution beyond the diffraction limit, while still keeping temperature
resolution below an absolute value of £1.25K. Combined with the
presented ability of three-dimensional measurements independent on
sample surface quality and outer dimensions, STED nanothermometry
could therefore be valuable especially for threshold measurements in
biomedical applications e.g. strongly localized hyperthermia treatment
of cancer cells [115].

The high laser power used for STED as a potential drawback of
STED based methods via induced heating is already being addressed
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in various studies [106, 107] e.g. by working on the emission and DEP
efficiency of the active materials. This can be achieved by tuning of the
doping concentrations as mentioned earlier [106]. Since these tuning
steps also play in role in laser optimization of comparable nanocrystals
[36], this shows the feasibility of the proposed STED nanothermometry
but also hints at the potential in future research on this topic. Besides
this, the fact that simply switching off the DEP beam, the benefits of
classical fluorescence thermometry are restored, further adds to the
flexibility of STED nanothermometry.
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SUMMARY AND OUTLOOK

In this last part the achieved results in terms of both, temperature
and spatial resolution, are summarized, and further optimizations
approaches are discussed. Generally, lanthanide doped nanocrystals
are already used as a versatile platform for temperature monitoring,
however the different optimization steps presented manage to push
their performance even further.

The first strategy explained in the first part of this thesis, is the
selection of an appropriate pumping regime. This choice is mostly
influenced by the energy level scheme of the respective active ions.
It was shown that the temperature error due to fluctuations often
associated with conventional nanosecond pulsed lasers can be as
high as 0.5 K. Additionally the difference in energy level population
can prevent the flexible switching of the pump regime. A formalism
was developed to recalibrate baseline measurements and exchange
calibration data between the two optimal pump regimes, short pulsed
or continuous excitation. This formalism was subsequently applied
to correct the temperature measurements conducted with Pr:YLF
dispersions under continuous excitation.

Following this the embedding of nanocrystals in a polymer fiber was
examined. This doping of nanocrystals inside a solid host, functions as
an approach to increase the signal-to-noise ratio. This fiber thermome-
ter was then thoroughly characterized, and effects like laser induced
heating were identified. The impact of laser induced heating led to the
derivation of a calibration range. Overall it was shown that by doping
upconversion nanocrystals inside polymer fibers, temperature sensors
with an excellent sensitivity of 1.45%/K and resolution of 19 mK can
be manufactured. The associated values are given in Table 10.1. The
system was characterized in a temperature range of 13 to 33 °C, but
there is no indication that the sensor is limited to these values. The
measurement range solely depends on the integrity of the host mate-
rial and a polymer sensor has been successfully demonstrated between
—55 to 70 °C[100]. The operating range of our temperature sensor
therefore matches the required temperature range of 15 to 50 °C[16]
for monitoring lithium batteries, which is one task where commonly
used thermometers might struggle due to the presence of external
fields, as mentioned in the introduction. The influence of electrical
fields on the sensor readout was measured to study the feasibility
of nanothermometers in these applications, and no deviation of the
performance is visible for electric fields up to 12.5kV/cm.
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The effect of magnetic fields on the sensor readout was calculated
in a numerical study. These results show that precise temperature
monitoring should be possible under the influence of magnetic fields
up to approximately 170 T.

Both of these investigations hint at the potential for the doped
polymer in applications such as monitoring in batteries.

Besides the higher temperature resolution, this sensor shows addi-
tional advantages compared to other passive fiber sensor concepts, like
the one presented in [100]. For example, the fluorescence intensity ra-
tio extracted from this doped fiber is virtually independent of bending
or mechanical deformations of the fiber. Other passive sensors often
rely on the difference in transmittance between two wavelengths and
they also need at least two light sources. This is requirement is also
reduced by incorporating active nanocrystals where only one laser
diode is needed to excite emission. Therefore, reducing the cost of a
measurement setup and simplifying the usage of the sensor. Adding
that the polymer host material also shows good bio-compatibility,
the developed sensor constitutes an ideal candidate to monitor tem-
peratures in various medical applications. Further simplification of
the setup could be realized by adding reflecting films to the fiber
end facets similar to the approach in [116]. This preparation would
allow for more compact setups and with that especially beneficial for
endoscopic temperature monitoring, as discussed in the previous part.
However, the pump-light-induced heating might be a drawback for
example, in medical examinations. A possible solution to this could
be the usage of smaller fiber cores combined with improvements in
emission measurement. By reducing the fiber core size, the same pump
energy density and the same population density could be reached at
reduced absolute values of pump power. This would minimize the
absolute value of deposited heat but also reduce the absolute emission
output, and therefore, potentially, the accuracy.

Further research should also focus on the utilisation of different
polymers to reduce host absorption of the pump light and, therefore,
heating of the host material. The application areas of the nanocrystal
polymer combination can also be significantly broadened by setting
aside the fiber design, as much more flexible light-guiding structures
can be manufactured from polymer by 3-D printing [117]. These
techniques enable the integration of the nanothermometers into more
complex photonic structures such as multi-functional lab-on-a-chip
components.

Another disadvantage of this macroscopic thermometer is the re-
duced spatial resolution, which was addressed in the last part of this
work, by utilizing STED microscopy. In this approach a second laser
beam is used to deplete the energy levels via stimulated emission. A
numerical model was developed to study the influence of different
relations between excitation and depletion beam. Parameters studies
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were performed for an exemplary Pr:YLF nanothermometer. It was
illustrated that this approach can be used to push the spatial resolu-
tion of lanthanide based nanothermometers below the diffraction limit.
The temperature resolutions corresponding to these sub-diffraction
measurements were assessed by analysing the signal-to-noise ratio.
The result was a single degree precision (£1.5K) that can be achieved
with commonly used nanothermometers. It can be expected that fur-
ther optimization of the sensitivity of nanothermometers leads to
even lower values. The adaptation of this approach to desired applica-
tions was shown by deducing an exemplary figure of merit. The most
promising application field for such a technique should be nanocrys-
tals dispersed in liquid solutions for example in medical sciences, as
one selling point of STED nanothermometry is its robustness against
surface errors. Therefore, additional simulations were carried out to
investigate the influence of sample thickness and to prove the viability
of volumetric scans. The results of these calculations were sequentially
presented for the optimum point identified from the figure of merit.

The major drawback of STED nanothermometry is the high laser
powers, commonly used in STED applications. These high powers may
cause additional heating of even destruction of the sample. However,
various research efforts are directed at this challenge for example [106,
107] with the main idea being optimization of the efficiency of energy
transfers inside the nanocrystals. The most promising approaches in
this regard evolve around the implementation of new active materials
or the tuning of doping concentrations in known nanocrystal config-
urations. Especially the influence of doping concentrations need to
be carefully considered. For example, increasing the concentration of
Neodymium ions in Nd3*:LaPO, may increase the absorption effi-
ciency [118] and therefore, reduce the necessary pump power. This
would enable improvements in many measurements and would also
affect both doped fiber thermometers as well as STED nanothermome-
try. However, a higher concentration of neodymium ions also increases
non-radiative transitions [118] such as cross relaxations. If the rate of
these transitions exceeds the rate of thermalization between the energy
levels they can break the Boltzmann dependency and therefore intro-
duce measurement errors. Additionally, heating can be minimized
by carefully matching absorption and optical transitions through ad-
equate selection of the active material from the plethora of possible
nanocrystals.

In conclusions, nanothermometry can be used for temperature mea-
surements with high resolutions in both temperature and space with
relatively simple setups. The underlying measurement principle man-
ages to clearly differentiate from other thermometers like electrical
sensors or optically passive components. Therefore, possible applica-
tions can be found throughout engineering and medicine, and even
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though many exciting approaches were already demonstrated, the
research field still offers much to be explored.
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