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”... you are looking at an industrial laser,
which emits an extraordinary light, unknown in nature.
It can project a spot on the moon. Or at closer range

cut through solid metal. I will show you...”

Auric Goldfinger in Goldfinger



Abstract

Upconversion nanoparticles (UCNPs), such as, NaYF, crystals co-doped with Yb*" and Er’* ions,
emit higher energetic light in the ultraviolet/visible and near-infrared range under lower energetic
near infrared excitation. This generates unique optical properties, for example, multi-colour band
emissions, reduced background fluorescence, deeper tissue penetration depths and high photosta-
bility rendering UCNPs attractive options for bioimaging, medicinal and engineering applications.
Although UCNPs are principally ideal candidates for many applications, they suffer from a compar-
atively low brightness (B). Further optimisation of UCNPs require a broader understanding of their
photo-physical properties. This includes examination of non-radiative decay pathways influenced
by particle architecture including dopant ion concentration, particle size and surface chemistry. Un-
like previous studies, which were largely performed under ensemble conditions and averaged the
optical properties of thousands of nanoparticles (NPs) and their interactions, the study of single par-
ticles (SPs) provides a deeper insight into photoluminescence (PL) and UC properties of individual
UCNPs, particularly useful for future SP applications.

The influence of multi-factor parameters on the photo-physical and spectroscopic properties of UC-
NPs are investigated under ensemble and single particle condition in this thesis. For this purpose,
a confocal laser scanning microscope (CLSM) was designed and constructed to enable the photo-
physical characterisation of individual UCNPs. The laser focused down to the diffraction limit en-
ables excitations at high power densities (P) up to MW/cm? range, reaching saturation conditions
of UCNPs.

In the first part of the thesis, ensemble and single particle studies of core- and core-shell f-NaYF,
crystals co-doped with 20% Yb** and 1% to 3% Er®* are performed over a P-range of six orders
of magnitude. In the ensemble, the addition of an inert NaYF, shell enhances the upconversion
luminescence (UCL) due to effective shielding of surface related quenching effects in water and cy-
clohexane, whereas on the SP level, the slight increase in Er** doping provides a strong impact on
the UC performance yielding enhanced brightness at high P. With increasing P, the contribution
of additional emission bands from high energy Er’** ion levels increases which leads to an overall
emission colour change, from green over yellow to white. This provides a deeper insight into the
enhanced complex (de)population processes.

The second part of this thesis discusses influences in a wide variation in Yb**/Er** ion doping con-
centration. Three different sample sets of varying size have been studied, using different synthesis
approaches. The results of the ensemble and SP study reveal an increase of Er-Er cross-relaxations
(CRs) for higher Er content, and more effective energy transfer (ET) and Er-Yb back-energy transfer
(BET) processes for higher Yb content. These differences led to significantly different emission spec-
tra for the Yb and Er series. For different P ranges, the brightest UCL were obtained for different
Yb/Er doping ratios.

A comparison of the Nd- and Yb-excitation of Nd/Yb/Er triple-doped NaYF,; UCNPs regarding their
UCL performance in water is provided in the third section of the thesis. Shifting the excitation wave-
length from the high water absorbing range at 980 nm (Yb-excitation) to 808 nm (Nd-excitation),
leads to a 25-fold reduction of water absorption and a decreased risk of sample heating. Exceeding
a critical penetration depth of the excitation light in water, the Yb—Er sensitized UC efficiency as-
sociated with a higher water absorption, can be compensated by less efficient Nd—Yb—Er double

sensitized UC processes, thereby leading to higher brightness values.
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In further studies, the process of luminescence resonance energy transfer (LRET) from an UCNP to
the sulforhodamine B (SRB) dye and the plasmonic interaction of an Au-shelled UCNP have been
examined at the SP level. These proof of concept studies are detailed in two reports as is further

evidence of our home-built CLSM being a powerful and adaptable instrument for SP studies.



Zusammenfassung

Aufkonvertierungs-Nanokristalle (UCNPs), wie NaYF, Kristalle, welche mit Yb** and Er** Ionen
dotiert sind, emittieren héher energetisches Licht im ultravioletten/sichtbaren und nahinfraroten
Bereich, nachdem sie mit weniger energiereichem nahinfraroten Licht angeregt wurden. Damit be-
sitzen sie einzigartige optische Eigenschaften, wie verschiedenfarbige Emissionsbanden, verringer-
te Hintergrundfluoreszenz, grofiere Eindringtiefen in organisches Probenmaterial und eine hohe
Lichtstabilitat. Diese Eigenschaften sind besonders in der optischen Bioanalyse, in medizinischen
und technischen Anwendungen von Vorteil. Obwohl die UCNPs in vielen Bereichen Anwendung
finden, besitzen sie dennoch eine vergleichsweise geringe Helligkeit (B). Fiir weitere Optimierungs-
schritte der UCNPs, ist es wichtig die photophysikalischen Eigenschaften besser zu verstehen. Dabei
sollten die nicht-strahlenden Ausléschungsprozesse naher untersucht werden, welche stark von der
Partikelarchitektur, der Art und Konzentration der Dotierung, sowie Gr683e und Oberflichenchemie
der Partikel beeinflusst werden. Die meisten bisherigen Studien wurden im Ensemble durchgefiithrt
und fassen somit die optischen Ergebnisse vieler tausender Nanopartikel (NPs) und deren Wechsel-
wirkungen auf einmal zusammen, wobei keine Aussage iiber das homogene und optische Verhalten
einzelner NPs getroffen wird, was durch Messungen an Einzelpartikeln (SPs) abgedeckt werden
kann. Um die photophysikalischen und spektralen Eigenschaften einzelner UCNPs untersuchen zu
konnen, wurde als Teil dieser Arbeit ein konfokales Mikroskop (CLSM) entwickelt und aufgebaut.
Die starke Fokussierung des Laserlichtes ermoglicht sehr hohe Anregungs-Leistungsdichten (P) bis
in den MW/cm? Bereich, womit Sittigungseffekte der UCNPs erzielt werden konnen.

Die erste Studie dieser Arbeit umfasst Ensemble- und Einzelpartikelmessungen an Kern und Kern-
Schale f-NaYF, Kristallen, welche mit 20% Yb>* und 1% bis 3% Er** Ionen dotiert sind, wobei die opti-
schen Eigenschaften P-abhiangig tiber sechs Groflenordnungen untersucht wurden. Wahrend im En-
semble die Signalstdrke der aufkonvertierten Lumineszenz (UCL) durch die Prasenz der Schale, wel-
che die Loschungseffekte von Wasser und Cyclohexan an der Partikeloberflidche effektiv reduziert,
stark erhoht werden konnte, werden bei den Einzelpartikelmessungen die hellsten Partikel durch
die Erh6hung der Dotierungskonzentration erreicht. Mit ansteigender P verdndern zusétzliche Emis-
sionsbanden von hoheren Er** Energieniveaus das Emissionsspektrum farblich von griin iiber gelb
nach weif3. Dies lasst auch Riickschliisse auf die zunehmend komplexer werdenden Besetzungs- und
Entvélkerungsprozesse der Er** Niveaus zu.

Die zweite Studie diskutiert die Einfliisse bei starker Anderung der Yb**/Er** Ionen Dotierung an-
hand von drei verschiedenen Probensystemen. Diese unterscheiden sich sowohl in der Partikel-
grofle als auch in der Synthesevorschrift. Die Messungen am Ensemble und den SPs zeigen mit
Erhohung der Er** Ionen Konzentration eine Zunahme der Er-Er Wechselwirkungen (CRs) und
bei hoherem Yb** Gehalt sowohl effektivere Yb-Er Transferraten (ETs) als auch verstirkte Er-Yb
Riicktransferraten. Das fiihrt fiir die Yb und Er Reihe jeweils zu charakteristischen Emissionsspek-
tren. Die hellsten UCNPs wurden fiir unterschiedliche Yb/Er Verhaltnisse erreicht, abhéngig von
dem jeweils betrachteten P Bereich.

Bei der dritten Studie wurde die direkte Anregung von Yb** mit der von Nd** Ionen an Nd/Yb/Er
dotierten NaYF, Partikeln beziiglich des UCL Verhaltens in Wasser verglichen, wobei durch die
Anderung der Anregungswellenlinge von 980 nm (Yb-Anregung) zu 808 nm (Nd-Anregung) die
Wasserabsorption um das 25-fache reduziert wird. Diese Verringerung der Wasserabsorption redu-

ziert auch das Risiko der Probenschidigung durch Erhitzen. Ab einer kritischen Wasser-Eindringtiefe
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des Anregungslichtes, zeigte die Nd-Anregung (Nd—Yb—Er), trotz zusitzlichem ET, stirkere Hel-
ligkeit im Vergleich zu der Yb-Anregung (Yb—Er) mit der hoheren Wasserabsorption.

In weiteren Messungen wurde sowohl der Lumineszenz Resonanz Energie Transfer (LRET) ausge-
hend von einem UCNP zu dem Farbstoff Sulforhodamine B, als auch plasmonische Wechselwirkun-
gen von Au-Schale UCNPs bei Einzelpartikelmessungen untersucht. Auch diese Messungen, welche
lediglich als Wirksamkeitsnachweis gemacht wurden, verdeutlichen, dass unser selbst konstruiertes

CLSM ein leistungsfahiges und flexibles Gerat zur Einzelpartikelmessung ist.
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Introduction

Lanthanide doped spectral shifting upconversion nanoparticles (UCNPs) have the unique
capability to produce narrow multi-colour band emission in the UV/vis/NIR spectral range
upon multiphotonic absorption of infrared light. This particular feature makes them promis-
ing reporters for wide range of applications in bioimaging, medicine and engineering, in-
cluding bioanalytical sensing [1-3], intracellular photoactivation in optogenetics [4-6],
super-resolution nano-spectroscopy [7-9], medical photodynamic therapy [10-12], pho-
tovoltaics [13-15] and anti-counter-feiting [16-18]. Importantly, the optical excitation of
UCNPs in the NIR range minimises the background signals due to low autofluorescence
from auxochromes in biological matrices. Furthermore, the NIR excitation enables deeper
penetration depths in biological samples. Moreover, UCNPs show long luminescence life-
times in the ps range which is favourable for time gated emission in conjunction with a
high photostability, chemical inertness and, in contrast to quantum dots (QDs), they do
not exhibit any blinking behaviour. Although UCNPs are principally ideal candidates for
many chemical and biological sensing and imaging applications, they suffer from a compar-
atively low brightness due to the low absorption cross-sections of the parity forbidden f-f
transitions and low photoluminescence quantum yields (QYy¢), particularly in the case of
very small nanoparticles with sizes below 50 nm. The rational design of more efficient and
brighter UPNCs requires an in-depth understanding of the non-radiative decay pathways
in these materials that are influenced by particle architecture including dopant ion con-
centration and homogeneity of dopant distribution within UCNPs, size/surface-to-volume
ratio, surface chemistry and micro-environment.

In contrast to conventional chromophores like semiconductor QDs or organic dyes, where
one absorbed higher energy photon results in the emission of a lower energetic one (Stokes
shifted emission), the non-linear upconversion emission arises from bi- or multiphotonic
absorption processes, leading to excitation power density (P) dependence of luminescence
intensities and UC luminescence QY ¢ values. Hence, for reliable characterisation and per-
formance of different UC materials, P-dependent measurements must be performed. The
determination of the QY at a single excitation P is insufficient. However, P-dependent mea-
surements require special instrumentation and the controlled variation of P. Also, other
luminescence properties like UC spectra / intensity ratios and the luminescence lifetimes
of the different emission bands can be P-dependent and vary in the low and high P regime.
The spectroscopic characterisation of UCNPs, including the characterisation of the surface

chemistry and stability tests, are commonly done by ensemble measurements in disper-
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sion. Up to now, only a few studies have focused on the optical behaviour of single UCNPs,
by using confocal microscopy determining the brightness and the decay behaviour have
been reported [7-9, 19, 20]. In most cases, the correlation with sophisticated ensemble mea-
surements in addition has not been investigated. With confocal fluorescence microscopy,
relatively high P with up to MW/cm? can be reached due to the strong focusing of the laser
down to a small spot. As a result, the luminescence measurements can be performed up to
the high P regime reaching the saturation condition of the UC luminescence. These high
Ps are typically not reached in ensemble measurements which makes the confocal setup
indispensable, and should thus open ways for the detailed analysis of the different energy

transfer processes between activator and sensitizer.

The topicality of confocal microscopy on UCNPs has been shown in 2021 by Lee et al.
[21], demonstrating the photon-avalanche effect (PA) of Tm>* ion doped single UCNPs at
higher P, enabling super-resolution imaging. In the same year, Liu et al. [22] used the lat-
eral point spread function (PSF) of self-interfering single UCNPs with their mirror image
for axial sub-diffraction limited localisation and SP tracking. The increasing number of
single UCNP studies of the last months highlights the need for such comparative measure-
ments on ensemble and single particle levels, which ultimately, can deepen the knowledge.
Here, it is of great importance to understand the influences such as size distribution, dopant

concentration, surface chemistry, and P-dependency.

Aim and Outline of the Thesis

The aim of this thesis is to get an in-depth understanding of the optical properties of Yb/Er-
and Nd/Yb/Er-doped UCNPs with varying size, dopant concentration, and surface chem-

istry to optimise the UC performance under ensemble and SP conditions.

+ Chapter 2 provides a general introduction to the fundamental optical processes in

UC, luminescence resonance energy transfer (LRET) and plasmonic interaction.

« Chapter 3 presents the laboratory setups and sample preparation and experimental
methods, including the detailed outline of our home-built CLSM for SP studies.

+ Chapter 4 provides a comparative study of the well-known Yb/Er-doped NaYF, UC
system. First, results of the ensemble measurements will be shown and discussed.
Second, SP measurements for comparatively low Er ion doping variation and surface
passivation (core-shell UCNPs) are discussed. This chapter serves as basis for the

subsequent ensemble-SP comparative studies.

« Chapter 5 presents the strong influence of a higher Yb/Er doping variation on the
brightness and colour emission. Furthermore, size and doping dependent UCL quench-

ing effects on the ensemble and SP level will be discussed.



« Chapter 6 introduces Nd/Yb/Er-doped UCNPs with Nd** ion as a sensitizer, which
shifts the excitation to shorter wavelength, resulting in a reduced water absorption.

In general, this is an approach to optimise UCNPs for bio-applications.

+ Chapter 7 gives insight into two further proof of concept studies, using UCNPs as
LRET donor for sulforhodamine B. Additionally, the influence of plasmonic effects

introduced by an Au-shell is being investigated.






Theoretical basis

In this chapter, the theoretical basis for the upconversion (UC) process in general, sensitized
UC process, luminescence resonance energy transfer (LRET), plasmonic interactions and

relevant measurement parameters will be outlined.

2.1. Upconversion process

UC is a non-linear optical and photo-luminescent process, in which an UC material ab-
sorbs photons of energy which is lower than the energy it emits. Usually, the absorption
takes place in the NIR spectral range (long wavelength), while the emission is in the UV/vis
(shorter wavelength) or NIR regime, leading to an anti-Stokes shifted emission, Figure 2.1.
The opposite process with higher energetic absorbed and lower energetic emitted light
(Stokes-shift) is named downconversion (DC) which is the typical excitation-emission pro-

cess of fluorescent and phosphorescent systems like dyes and quantum dots (QDs).

Vis

. NIR
et

“anti-Stokes shift

NSN\V uv
AYAVAY%g

NN

e VAVAVagl
NIR W article

AVAVAVae

Figure 2.1. lllustration of the UC process of an UC particle with low energy absorbed photons in
the NIR and with high energy photons emitted in the UV/vis/NIR with an anti-Stokes
shift.

Besides the UC process there are two other common ways of anti-Stokes processes, the
two-photon absorption (TPA) and the second-harmonic generation (SHG) [23]. For these
processes to occur, two photons are simultaneously combined and virtual intermediate
energy levels are needed which results in a limited efficiency and additionally, requires

high-intensity coherent excitation, illustrated in 2.2 a), b). In contrast, in UC processes, all



6

THEORETICAL BASIS

intermediate energy levels are real and metastable, making UC a more likely process than
TPA and SHG.

Anti-Stokes
processes UC processes
a) b) c) d) e)
_— (LR T] — > — —
= A 2 @ 2 ““ 2
- : O ol | == £
yeu i A 1 A A 1 Ry wll
V- G V_ G \4 G \ 4 G G _’q_ G
TPA SHG ESA ETU CR

Figure 2.2. Scheme of non-linear optical processes with an anti-Stokes shifted emission (a-d)
and illustration of an energy-transfer process (e): a) Two-photon absorption (TPA),
b) Second-harmonic generation (SGH) and c)-d) General UC processes with excited
state absorption (ESA) and energy transfer UC (ETU). e) Cross relaxation (CR) process
as typical energy transfer process between two ions. The horizontal dashed lines
of TPA and SHG illustrate virtual intermediate energy levels and the solid lines real
energy levels, like the groundstate G and the excited levels E; and E,.

The general UC process is described by two principal processes, first, the excited state ab-
sorption (ESA) and second, the (sensitized) energy transfer upconversion (ETU). However,
the UC process of a real system is more complicated and can involve several mechanisms in
combination like ESA, ETU and energy-transfer processes like the cross-relaxation process
(CR):

Excited-state absorption  The ESA is the simplest form of an UC process. Here, the ion is
stepwise directly excited, first from groundstate (G) to energy level E; and second from E;
to the E; level by using the energy of two subsequently absorbed photons, see Figure 2.2
c). The ladder-like structure and the long-term stability of the intermediate energy levels
are requirements for ESA, which are only provided by a few lanthanide ions (see chapter

2.2.1).

(Sensitized) energy transfer upconversion Like the ESA, the ETU also uses the energy of
two sequentially absorbed photons to populate the energy levels E; and E; of the emit-
ting ion. The photon absorption is previously realised by another neighbouring ion, called
sensitizer, which gets excited and transfers the energy sequentially to the emitting ion
(acceptor) by relaxing to the groundstate, see Figure 2.2 d). The ETU is a non-radiative
energy transfer with Coulomb interactions of van der Waals type between two ions. It
is quantum-mechanically described as a dipole-dipole interaction with allowed electric-
dipole transitions of both ions [24].

The use of sensitizers with high absorption cross-sections o,ps(Aex) and a good matching
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of sensitizer and acceptor energy levels can enhance the UC efficiency significantly. There-
fore, the sensitizer-to-acceptor doping ratio and their averaged ion-ion distances must be

in an appropriate range, which will be discussed further in chapter 2.3.1.

Cross-relaxation The CR is an ion-ion interaction process of two identical or different
ions, in which one excited ion transfers part of its energy to a second ion, which then is
excited to an upper level, as illustrated in Figure 2.2 e). The second ion does not have to be
in the groundstate before CR takes place. If both ions are from the same type, CR is mainly
considered as a detrimental quenching process caused by too high ion concentration which

results in a decrease of emission intensity.

The complex UC processes and the appearance of multiple emission bands of a real op-
tical stimulated UC material can be partly explained by the presence of combined ESA,
sensitized ETU and CR processes. The fundamental properties and specific requirements

for an efficient UCL will be discussed in the next section.

2.2. Upconversion materials

2.2.1. Material requirements

There are two important components of a typical UC material, a highly stable inorganic
host material, and the type of efficient doping ions as luminescent centres. By variation
of the host lattice and the doping ion type, several UC materials have been developed in
the last decades, including transition metal [23], organic [25] and lanthanide-doped up-
converters. The most common UC materials contain trivalent rare earth ions as doping
components, like the lanthanide ions Pr**, Nd**, Er**, Tm>** or Yb*" and for host lattice
material Na*, Ca?* and Y** based fluorides [26]. But efficient UC only occurs for a few

dopant-host combinations with specific properties, as discussed in the following:

Dopant ions

The dopant ions should provide multiple, long-lived metastable energy levels to allow spec-
troscopically relevant photon absorption and above-mentioned UC energy transfer pro-
cesses (section 2.2). The inner 4f shells of lanthanide ions (Ln3*) offer such relevant elec-
tronic energy levels with ladder-like structures. Particularly, Er**, Tm** and Ho" ions are
promising candidates, as shown in Figure 2.3. The outer 5s and 6p shells of Ln** ions are
responsible for stable bonding and embedding in the host lattice. The completely filled
5s and 5p subshells can shield the 4f electrons from host lattice influences, like the exact
crystal field and symmetry effects [27]. Consequently, only reduced electron-phonon inter-
actions are present allowing almost undisturbed f-f transitions between the ions [24, 28].
The probability for these f-f transitions is relatively low, as 4 f-f transitions are naturally
Laporte-forbidden. This leads to inefficient photon absorption and a limited number of

electronically excited states but prolongs the lifetimes of excited levels up to ms.

7
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The improved light absorption is a key factor for a more efficient UC process, and can be
realised by increasing the dopant ion concentration up to a critical value where concentra-
tion quenching effects become relevant due to enhanced ion-ion interactions. By co-doping
the host material with an additional dopant ion as sensitizer, the UC efficiency can be en-
hanced. Given that, the sensitizer enhances the NP absorption cross-section g,s(Aey) for
the excitation light and provides effective ETU processes to the emitting ions (activators),
cf. Figure 2.2 d). The most common sensitizer for Er** and Tm>* ions is the Yb** ion with
only one excited 4f level, which can be optically excited in the NIR range at approximately
980 nm.
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Figure 2.3. Scheme of partial 4f energy diagrams of lanthanide ions, with ground levels in blue
and the main luminescent levels in red. Taken from [29]

Host material

The interactions of the host material with the dopant ions have an important impact on
the UC process. For the dopant ions the coordination numbers, the relative spatial position,
the type of neighbouring ions and their distances to the dopant ions are determined by the
chosen host lattice. An ideal host material should meet the following requirements for an
efficient UC process: (1) Transparency in the vis and NIR region to avoid (re-)absorption
of excitation and emission light. (2) Low phonon energies to minimise non-radiative en-
ergy loss caused by electron-phonon coupling. (3) Small lattice mismatch with the dopant
ions to enable their homogeneous incorporation with minimised crystal defects and lattice
distortion. (4) In the case of Ln ions as dopants, a strong crystal field to partly allow the
Laporte-forbidden 4f transitions [28, 30].

These properties are mainly fulfilled by Na*, Ca?* and Y>*- based fluorides with similar
ionic radii of Ln** dopant ions. Up to now, the most efficient host for UC in the blue and

green spectral region is the hexagonal NaYF, crystal co-doped with Yb as sensitizer and
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Tm or Er as activator. The sensitized UC process of NaYF4:Yb,Er is examined in more detail

in chapter 2.3.1.

Requirements for bio-applications

The following list sums up the main requirements for applications in bio-technology and

medicine, which are aspired to be met from UCNPs [26]:

+ high luminescence efficiency for good signal-to-noise ratio to reach the optical de-

tection limits and achieve the therapy effect

« multi-colour emission bands for multiplexing options in imaging, and increased through-

put of bio-assays

« monodispersed, uniformly shaped, and small-sized NPs to achieve cellular uptake

with identical optical properties for intracellular theranostics

« nano-chemically engineered surface for targeting ligands coupling (like antibodies

or peptides), and available phase transfer to allow for dispersion in water

« non-toxicity and biocompatibility to living cells and to the human body

2.2.2. Advantages, drawbacks and optimisation of UC materials

There are several unique optical properties of UC materials providing advantages for op-
tical applications compared to commonly used materials like quantum dots (QDs) or or-
ganic dyes. However, UC materials have their limits and sensitive dependencies on several
parameters, which partly can be overcome by using optimisation strategies concerning

particle composition and architecture.

Advantages

UC materials can be optically excited in the NIR range (mostly between 750 nm - 1000 nm),
which has several advantages. Compared to excitation in the UV/vis range with strong aut-
ofluorescence emission of organic material, the NIR-excitation causes no autofluorescence
background. Furthermore, NIR light has the potential of higher penetration into biological
tissue. Consequently, the UCL emission can be enhanced, with high signal-to-noise ratio
from UCNPs, which can be either localized deep inside the organic tissue, like in medi-
cal applications, or which have organic components attached to their surfaces like ligands.
Due to the large anti-Stokes shift, there is nearly no spectral cross-talk between excitation
and emission light, and therefore no strong signal re-absorption.

Compared to organic dyes, UC particles are photo-stable without bleaching. In contrast to
QDs, they show constant emission intensities and no blinking. The characteristic narrow
multi-band emissions of Ln®* ions, arising from optical transitions inside the ladder-like
4f energy levels (cf. Fig. 2.3), offer additional advantages for optical sensing, FRET/LRET

applications and multiplexing capabilities [3].
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Drawbacks and optimisation techniques

The UC process of Ln doped material is complex and depends on many intrinsic and ex-
ternal parameters, which influence the population and depopulation of the respective ra-
diative energy levels, thereby limiting the UC efficiency and their application ranges. Par-
ticularly small UC particles in the nanometer range are affected by surface related effects
due to larger surface-to-volume ratio, resulting in large differences in optical behaviour of

UCNPs compared to bulk material.

As already mentioned in chapter 2.2.1, a well-chosen composition of Ln-ions with right
doping concentrations is one of the key-factors for efficient UC, which increases with the
dopant concentration until an optimum is reached. With further rise in dopant concen-
tration, the averaged ion-ion distance is being diminished, resulting in quenching effects
which significantly increase due to ion-ion CR processes (cf. Fig. 2.2) [31-33]. Especially
for dopant ions of different types, the use of (multi-)shells separately doped with differ-
ent ions can help to set the range for ion-ion distances and thereby for their interactions
[34]. For our study on Nd/Yb/Er co-doped NPs we also used the principle of multi shells
to separate Nd from Er ions (cf. chapter 2.3.2 and 6).

The smaller the UC particles are in size, the larger the surface-to-volume ratio becomes, and
surface related deactivations increase. For dopant ions close to the surface, surface related
quenching processes occur, which are mainly caused by either the small distance to surface
lattice defects or the direct contact to the solvent and the surface-ligands with high phonon
energies. Particularly, the presence of surface ligands containing O-H, C-H bonds or NH,
groups show high vibrational modes, which enhance the quenching of the excited levels
by multi-phonon relaxations [30]. But also, the dopant ions located in the centre of a NP
can be influenced by the surfaces quenching since the energy can migrate long distances (a
few pm, [35]) inside the doped crystal and ultimately, reach the surface or the dopants on
the surface. The surface related deactivations can be minimised by using a protective shell
around the NP, which can largely enhance the UC efficiency. For the shell, the undoped,
inert material of the core crystal is typically taken to minimise the lattice mismatch on the
core-shell interface. In addition, crystals with similar structures compared to the core are
well-suited shell materials, as well as silica and metals. For a f-NaYF,:Yb/Er UCNP, a full
closed inert f-NaLuFy shell of 4-6 nm in thickness can already be sufficient to minimise
surface quenching, reaching optimised UCL as reported in [35, 36].

In 2018, the Meijerink group suggested that incorporated OH™ ions on F™-sites in NaYF,
crystals are responsible for additional O-H vibrational based quenching processes of Er**
levels inside the crystal [33].

The above mentioned quenching effects strongly suppress the UCL of small NPs, resulting
in relative low quantum yields (QY) and low brightness values (B) compared to UC bulk
material. For UCNPs, the QY (QYy¢), which is the ratio of emitted photons to absorbed
photons, is limited by the properties of bulk material with QYycpyuix of about 0.11 [37],
meaning that for about 10 absorbed photons only one photon is emitted.

Due to the non-linear nature of the UC process (see chapter 2.1) both, the UCL Ijy¢ and the
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QYyc depend on the excitation power density (P) [26, 38-40]:
Iyjc=C-P" (2.1

and

OYye = emitted photons o« emitted llght _ Ivc @D e 2.2)
absorbed photons  absorbed light  otgps(Aex) - P

where C is a coefficient related to material properties, n is the number of absorbed photons
needed for a specific radiative UC transition, and agps(Aex) is the absorption coefficient
at excitation wavelength A... Hence, for a reliable characterisation and comparison of
different UC materials, a single QYy ¢ value is not sufficient but P-dependent measurements
must be performed with powers reaching the saturation limit of the studied UC material.
With the help of a home-built integrating sphere setup (described in chapter 3.2.2) the
QYyc can be determined absolutely.

One of the main goals in last years has been the enhancement of UCL. Several methods
have been investigated besides the use of protective shells and the optimisation of the Ln
doping concentration. One approach is the addition of a metallic shell to take advantage of
plasmonic enhancement effects. Another way of effective tuneable excitation or emission
behaviour is the combination of UCNPs with fluorophors (like dyes) as sensitizers or acti-
vators for a non-radiative energy transfer process (LRET / FRET). Both, the LRET process

as well as plasmonic interactions will be discussed in chapter 7.

2.3. Sensitized upconversion in NPs

In the case of sensitized UC, the excitation light is efficiently absorbed by an ion (sensitizer)
in the first step, which transfers the energy to the emitting ion (activator) via non-radiative
ETU as described previously in chapter 2.1 and Figure 2.2. The theoretical basis of the sensi-
tized UC processes for Ln co-doped NaYF, host material will be given in the next sections.
Here, the first section focusses on the co-doping with Yb/Er as sensitizer/activator couple
(NaYF4:Yb,Er), while the second section discusses triple-doping with Nd/Yb/Er constella-
tion, using Nd as a pre-sensitizer (NaYF;:Nd,Yb,Er).

2.3.1. Yb/Er co-doped systems

Up to now the most efficient UC ma