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Zusammenfassung
Aufkonvertierende (upconverting; UC) Nanomaterialien bilden eine neue Klasse
nichtlinearer lumineszenter Reporter, die nah-infrarotes (NIR) Anregungslicht
in Photonen von höherer Energie umwandeln[1–7]. Das effizienteste bekannte UC-System bildet hierbei β -NaYF4 : 20%Yb3+ , 2%Er3+ mikrokristallines
Bulkmaterial, für welches UC-Quantenausbeuten (ΦUC ) von 10 % berichtet
werden[2, 3, 8, 9], während ΦUC von Nanokristallen (nanocrystals; NC) um
mehrere Größenordnungen niedriger sein können. Um die Effizienz von UCNanomaterialien zu erhöhen, werden NC üblicherweise mit inerten Schalen
versehen[2, 3, 10, 11].
In dieser Arbeit werden mehrere verschiedene Bulkmaterialien spektroskopisch
untersucht, um ein Vergleichsmaterial auszuwählen, das als Maßstab für alle folgenden, vergleichbaren Messungen an NC dient. Die Oberfläche von ultrakleinen
(3.7 ± 0.5) nm NC wird mit Schalen von bis zu 10 nm Dicke versehen, um die
optimale Schalendicke für vollständige Oberflächenpassivierung zu identifizieren,
allerdings weisen die Ergebnisse auf eine mögliche Kern-Schale-Durchmischung
hin. In einer zweiten Studie werden die unterschiedlichen Dotanden (Er3+ und
Yb3+ ) auf ihre optischen Eigenschaften sowie die Einflüsse von Energietransfer
(ET) und von ihrer Umgebung spektroskopisch untersucht. Dabei kann klar
zwischen Oberflächeneffekten und oberflächenunabhängigen Volumeneffekten
unterschieden werden. Die Ergebnisse werden durch ein einfaches Monte-CarloModell gestützt, durch das die größen- und leistungsdichte-(P-)abhängigen Populierungsdynamiken der strahlenden Banden von Er3+ vorhergesagt werden
können. Zuletzt werden durch eine verbesserte Synthesemethode[12] UCNC mit
stark verbesserten Lumineszenzeigenschaften hergestellt, mit denen bei vergleichsweise niedrigen P die gleichen ΦUC wie beim Bulkmaterial erreicht werden.
Dies liefert einen Einblick in vielfältige Anwendungsmöglichkeiten für UCNC.
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Abstract
Upconversion (UC) nanomaterials are an emerging new class of non-linear
luminescent reporters which convert near-infrared (NIR) excitation light into
higher-energy photons[1–7]. The most efficient known UC material is the
β -NaYF4 : 20%Yb3+ , 2%Er3+ bulk (microcrystalline) phosphor with reported
UC quantum yields (ΦUC ) of 10 %[2, 3, 8, 9] , while ΦUC of nanocrystals (NC)
can be several orders of magnitude lower. Strategies to improve the efficiency of
UC nanomaterials include surface passivation with inert shells[2, 3, 10, 11].
In this work, several different bulk materials are compared to select one benchmark material for comparisons with NC analyzed with the same measurement
techniques. The surface of ultrasmall (3.7 ± 0.5) nm NC is coated with inert
shells of up to 10 nm thickness to identify an optimal shell thickness for complete surface passivation, but the results suggest core-shell intermixing. To
distinguish between the different dopant ions (Er3+ and Yb3+ ) and the effect of
energy transfer (ET) in a second study, single- and co-doped UCNC are investigated spectroscopically and the influence of their environment is determined
thoroughly. Herein, a clear distinction between surface-related and surfaceindependent, volume-related effects is achieved and the results are emphasized
by the use of a simple random walk model which accurately predicts size- and
power density (P)-dependent population dynamics of the emissive bands of Er3+ .
Finally, utilizing an improved synthesis technique[12], UCNC with enhanced luminescence properties are produced, reaching the same ΦUC as the benchmarked
bulk material at reasonably low P, providing an insight into numerous possible
applications of UCNC.
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1. Introduction
In this section, I will provide a concise overview of the theoretical basics of
upconversion (UC)
 in general and photon UC in material systems with trivalent
3+
lanthanide Ln
ions, followed by possible applications along with limitations,
as well as the state of the art at the beginning of my studies, and finish with an
overview of the thesis.

1.1. Theoretical Basics of Photon Upconversion
Photon UC is a special case of luminescence, where luminescence is defined
as light emission from any substance, occuring from electronically excited
states[13]. Typically, luminescent biosystems such as aromatic dye molecules
show fluorescence, with lower emission energies than the excitation light (Stokes
shift), independence of the emission spectrum from excitation wavelength (Kasha’s
rule), and light emission on the nanosecond scale[13]. UC, on the other hand, is
a general term for any non-linear optical process in which two or more photons
of lower energy are converted into one photon of high energy[1–5]. The UC
process can be realized with or without energy transfer (ET), using real or virtual
intermediate states. These UC processes include excited state absorption (ESA),
energy-transfer UC (ETU), cooperative sensitization (CS), photon avalanche
(PA), triplet-triplet annihilation (TTA), second harmonic generation (SHG), and
two-photon absorption (TPA)[1–3, 14–17]. Fig. 1.1 displays some of the most
prominent UC processes.
My thesis investigates ETU, a process in which a sensitizer in the ground
state absorbs the energy of an incident photon, which it can then transfer to
an activator ion in the ground state via Förster-type ET due to dipole-dipole
interaction, with an r−6 dependence, where r is the distance between sensitizer
and activator[3, 4, 18]. A second sensitizer-activator ET will raise the electronic
excitation of the already-excited activator to a higher excited state, from which
an emitted photon has a higher energy than the original excitation[2, 3, 6, 7].
During the course of my thesis, I will use the term “UC” exclusively for ETU
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Figure 1.1.: Schematic overview of UC processes, from left to right: excited-state
absorption (ESA), energy-transfer upconversion (ETU), cooperative sensitization (CS), cooperative luminescence (CL), photon avalanche (PA),
two-photon absorption (TPA), second harmonic generation (SHG). Real
electronic states are depicted as blue lines, absorption as gray dashed arrows,
energy transfer as orange dotted arrows, and luminescence as green solid
arrows.

unless stated otherwise, because there are no competing UC processes which
are typically observed for the Ln3+ -based particle systems I use, in the power
density (P) range used here.
Due to the non-linear optical nature of UC, the efficiency of a material depends
on the excitation flux[1], and measurement results should therefore always be
presented together with the irradiance or radiant power density (P)[19]. At low
P, the intensity of the emitted light I depends on the nth power of the incident
power density P, where n is the number of photons involved in the UC process,
as described by Eq. (1.1).
I ∝ Pn

(1.1)

For higher P, saturation is observed, and n decreases[3, 20, 21]. Eq. (1.1)
describes the P and n dependence of I at low P. Upon taking the logarithm of
both sides of Eq. (1.1), the number of incident photons n becomes the slope
of a linear dependence between log (I) and log (P), as illustrated in Eq. (1.2),
therefore n is typically referred to as slope factor.
log (I) ∝ n · log (P)

(1.2)

1.2. UC in material systems with Lanthanide Ions
Before the 1960’s, known anti-Stokes emissions were limited to only a few kB T
and were ascribed to thermal and lattice effects[1]. With f (lanthanide, actinide)

2

1.2. UC in material systems with Lanthanide Ions
or d (transition metal) ions, anti-Stokes emissions can exceed excitation energies
by up to 100 kB T [1], corresponding to ≈ 20000 cm−1 , making Ln3+ -based UC
systems highly promising materials for a variety of applications (cf. Sec. 1.3).
In this thesis, I am investigating ETU processes in systems of Ln3+ ions. As an
anti-Stokes emission, ETU clearly differs from more commonly-known multiphotonic effects such as SHG or TPA because UC luminescence (UCL) with ETU
can be achieved using low-power excitation light sources, such as continuous
wave (cw) lasers or even incoherent light sources like lamps, as opposed to
pulsed femtosecond lasers needed for efficient SHG and TPA[1]. To realize
upconversion through ESA or ETU, long-lived real metastable intermediate
states that are arranged in a ladder-like fashion are required[2, 3].For some Ln3+
ions, this
is the case, such a Erbium Er3+ , Thulium Tm3+ , or Holmium


Ho3+ , and host matrices are typically co-doped with Ytterbium Yb3+ for
ETU.
Lanthanides are characterized by an incompletely filled 4f orbital, which is
located deeply within the atom, spatially shielded by the completely-filled 5s,
6s, and 5p orbitals, thus all lanthanide elements are chemically very similar.
In Ln3+ ions, the 6s2 5d1 electrons have been removed from the uncharged
m configuration, with m increasing stepwise
atoms, leaving the ion in [Xe]4f


from Lanthanum La3+ , m = 0 to Lutetium Lu3+ , m = 14 . The 4f shell is
left shielded by the outerlying 5s2 and 5p6 electrons[22]. Consequently, 4f-4f
transistions in Ln3+ ions are only slightly influenced by the environment of the
ions, and the wavelengths at which they are observed are similar for different
host materials[3, 22, 23]. Ln3+ ions by themselves are not luminescent, as the
f-f transitions are forbidden under the Laporte rule, but the crystal host may
disrupt the center of symmetry due to the local crystal field[3, 24–26], resulting
in weakly-allowed, therefore long-lived transitions in the µs to ms range, as
opposed to ns-lifetimes typically observed for fluorescence. This makes Ln3+
ions highly suitable choices for ETU, provided that they are doped into a solid
inorganic matrix. In the following, I will discuss the main ingredients to a
functioning UC particle system: the crystal host and the dopants.
1.2.1. Role of the Crystal Host

To break the symmetry of the wavefunctions and weakly allow f-f transitions,
Ln3+ ions are usually doped into a solid inorganic host, such as a glass or crystal,
for example oxides (e.g. Y2 O3 , Gd2 O3 , YAlO3 ), fluorides (e.g. SrF2 , β -NaYF4 ,
LiYF4 ), heavier halides (e.g. CsLu2 Cl9 , CsLu2 Br9 , CsY2 I9 ), phosphates (e.g.
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YPO4 ), or vanadates (e.g. GdVO4 )[27, 28].
To achieve efficient particles systems, the choice
of crystal matrix is crucial[2, 3, 5, 23, 28, 30]. In Matrix
Phonon
avoidance of phonon-assisted luminescence quench- Type
energy
ing, the crystal matrix should have low phonon
[cm−1 ]
energies. Tab. 1.1 gives an overview of potential Oxide
600
candidates for crystal hosts. The heavier halides Fluoride
400
(chlorides, bromides, and iodides) present with the Chloride
285
lowest phonon energies, but they lack stability in Bromide
190
biological environments due to their hygroscopic Iodide
160
nature[5, 28, 31, 32]. Therefore, they are not suitable as crystal hosts for UC. Oxides and fluorides Table 1.1.: Maximum
phonon
energies
in
have higher phonon energies than heavier halides,
trivalent
oxide
and
halide
but they show high stability and very efficient UC
lattices, numbers obtained
nonetheless[2, 3, 5, 22, 27, 31].
from [28].
Due to the large anti-Stokes shift, the host matrix
should be non-absorbant and transparent in the ultraviolet (UV), visible (vis), and near-infrared (NIR) electromagnetic spectrum,
like oxides and fluorides[2, 3, 27]. Fluorides, especially β -NaYF4 with a phonon
energy of approximately 350 cm−1 [2, 5, 31, 33], yield the most efficient UC
particles[2, 3, 5, 34]. However, the release of fluorides in aqueous media may be
problematic with regards to toxicity[35], so chemical intertness and long-term
stability must be ensured for applications in live cells[5, 36]. Here, oxides would
be preferable, but because my research is not primarily aimed at bioapplications, but rather targeted at understanding the fundamental processes involved,

I utilize β -NaREF4 (RE: rare-earth) as crystal host, with Yttrium Y3+ or
Gadolinium Gd3+ as RE, together with the dopant ion pair Yb3+ -Er3+ , because β -NaYF4 : Yb3+ , Er3+ is known to be the most efficient UC material to
date[2, 3, 5, 30, 34]. Its toxicity is believed to be low[5, 27, 36, 37], especially
in comparison with other luminescent particles such as semiconductor quantum
dots, which often contain heavy metals[36, 38].
NaYF4 is known to have a cubic (α) and hexagonal (β ) phase[2, 3, 33, 39],
where the α phase has Fm3̄m (cubic close-packed) structure, and the β phase has
space group P6̄[3, 24–26]. The α phase yields less efficient UC materials than
the β phase[2, 3, 39, 40], likely due to the higher-ordered structure compared to
β -NaYF4 [3, 24, 25] and to the higher phonon energies and greater ionic distances
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in α-NaYF4 [33]. In order to produce efficient particles, the use of β -NaYF4 is
consequently preferred. In my research, all NaYF4 and NaGdF4 particles are in
the β phase, which is verified by the synthetists using X-ray diffraction (XRD).
In the average structure of β -NaREF4 , three columns of metal cation sites are
found[26]. One of these sites is occupied by RE3+ ions (1a site), one half by
Na+ ions and half vacant, and one half by RE3+ and half by Na+ (1f site, strictly
alterning)[25, 26]. The RE3+ -containing sites are reported to have coordination
number 9 by Aebischer et al. in 2006 and by Renero-Lecuna et al. in 2011. Within
the (1f) column, the F− ions are displaced along the column, away from the Na+
and towards the RE3+ , conserving the C3h symmetry of the (1f) site, but breaking
it down to C3 or even C1 for the RE3+ in the (1a) site, depending on whether the
three neighboring colums are displaced all in the same or one in the opposite
direction[26]. It is assumed that the high UC efficiency of β -NaREF4 hosts is
caused by the interplay of the ions at the (1a) and (1f) sites (local disorder)[26].

1.2.2. Role of Sensitizer and Activator

A sensitizer ion for ETU needs a high absorption cross section, few excited states,
and an adequate spectral overlap between its emissionand the absorption of
the activator.[3] Yb3+ with only one excited state 2 F5/2 , whose energy almost
perfectly matches the 4 I9/2 state of Er3+ (cf. Fig. 1.2) and further energy gaps in
Er3+ , Tm3+ , and Ho3+ , fits these requirements perfectly, as Yb3+ has a rather
large absorption cross section, compared to other Ln3+ ions.[3, 41, 42]

Number of excited sensitizers To compute the number of excited sensitizer
ions in a single particle per unit time, Nex , the following equation is used:
Nex =

λex · P
· σabs (Yb3+ ) · Nions (Yb3+ )
h̄ · c

(1.3)

Here, λex denotes the excitation wavelength, P the excitation power density, h̄
Planck’s constant, c the speed of light, σabs (Yb3+ ) the absorption cross section
of an Yb3+ ion at λex , and Nions (Yb3+ ) is the number of Yb3+ ions in a single
particle, which can be computed using Eq. (1.5).
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RE3+
Y3+
Gd3+
Er3+
Yb3+
Lu3+

Ionic radius
[Å]
1.015
1.06
1.00
0.98
0.97

Table 1.2.: Ionic radii of
selected RE3+ ions for
coordination number 8.
Data obtained from [43].

Eect of Ln3+ concentration The concentration
of the dopants has an effect on lattice strain at interfaces between particle layers, which will be taken
into account in my work. In a doped β -NaYF4 lattice, the doped Ln3+ ions replace Y3+ ions. The ionic
radii of Scandium Sc3+ , Y3+ , and the lanthanides
(together called RE3+ ions) are rather similar[3, 43],
but dependent on the coordination number of the ion,
which is still disputed for β -NaYF4 [25, 26, 44, 45],
but is strongly believed to be 9. The ionic radii for
coordination number 8 for a chosen subset of RE ions
are listed in Tab. 1.2, due to a lack of information for
coordination number 9.

Ion numbers and nearest-neighbor distances In chapters 4 and 5, the number

of Ln3+ ions contained in particles of different sizes will be found to be crucial
for the particle performance.
 To determine the number of ions in a β -NaYF4
particle Nions , cf. Eq. (1.5) , the volume of the unit cell of β -NaYF4 Vunit cell
is needed. In Eq. (1.4), Vunit cell is computed, where a and c are the hexagonal
lattice parameters (a = 5.96 Å, c = 3.53 Å)[3, 46, 47].
√

3 2
·a ·c
4
= 0.109 nm3

Vunit cell = 2 ·

(1.4)

Nions is then given by Eq. (1.5), where cions denotes the concentration of the Ln3+
ions (given as fraction of Y3+ ions replaced), and Nunit cells denotes the number of
unit cells in the particle, which can be obtained by dividing the particle volume
Vparticle by Vunit cell . The particle volume may be estimated experimentally, for
example after size determination using transmission electron microscopy (TEM).
Nions = 1.5 · cions · Nunit cells
Vparticle
= 1.5 · cions ·
Vunit cell

(1.5)

To determine the average distance between nearest Ln3+ neighbors, dn.n. , assuming a homogenious distribution of Ln3+ ions throughout the β -NaYF4 crystal
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lattice, the following equation is used[3, 48, 49].
√

dn.n. =

a2 c

3/2
1.5 · cions

!1

3

(1.6)

Again, a and c are the lattice parameters of the hexagonal unit cell and cions
denotes the concentration of Ln3+ ions.
In the case of SrF2 as crystal host, the distance between nearest Ln3+ neighbors
is computed as follows:
SrF2
dn.n.
=



a3
4 · cions

 13
(1.7)

Here, a denotes the lattice parameter of the cubic lattice. However, it should be
noted that cubic host lattices are reported to favor clustering and usually do not
produce a homogenious Ln3+ distribution[50–53].

Ln3+ ion emissions Ln3+ ions are characterized by narrow emission bands

with little to no spectral overlap[3, 5, 54]. With Yb3+ -Er3+ as sensitizer-activator
pair, the excitation wavelength needs to be approximately 976 nm to match the
absorption maximum of the Yb3+ ion[3, 41]. Er3+ emissions in the visible and
NIR range can be observed at 410 nm (blue), 521 nm and 540 nm (green), 655 nm
(red), as well as 810 nm, 845 nm, 980 nm, and 1520 nm (NIR). A typical emission
spectrum of β -NaYF4 : Yb3+ , Er3+ is displayed in Fig. 1.3. The energy schemes
of Yb3+ and Er3+ are displayed in Fig. 1.2, containing absorption and emission
at thesis-relevant wavelengths, along with a few possible ET pathways.
Fig. 1.2 displays the energy level diagram of Yb3+ and Er3+ ions
 doped in a
3+
2
β -NaYF4 crystal lattice. Yb only has one excited state F5/2 , which almost
perfectly aligns with the 4 I11/2 state of Er3+ , making it the ideal sensitizer for this
system. In dashed lines, the excitation pathways mostly used in my studies are
shown: In black, excitation of the Yb3+ ions at 976 nm, and in purple, excitation
of the Er3+ ions at 375 nm. In solid lines, the most-frequently observed radiative
transistions are indicated in the color of the respective transitions (black for NIR
transistions). For a more complete overview of additional possible radiative
transistions, cf. Frenzel et al.[55]. Fig. 1.2 also includes some ET pathways
indicated in dotted lines. Non-radiative relaxations (NRR, displayed as wavy
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Figure 1.2.: Energy level diagram of the β -NaYF4 : Yb3+ , Er3+ system. Arrows indicate
absorption (dashed lines), emission (solid lines), energy transfer (dotted
lines), and non-radiative relaxation (wavy lines). Most ET and CR processes
have been omitted for clarity. The back-energy transfer (BET) responsible
for the efficient population of the red emissive 4 F9/2 Er3+ level under Yb3+
excitation is indicated in blue. All states are given in the Russel Saunders
notation 2S+1 LJ , where S denotes the spin momentum, L the total orbital
momentum, and J the total angular momentum of the electron.

arrows) are mostly omitted to maintain clarity. For more complete information
on ET and NRR, please cf. [3, 56–60].
In Fig. 1.3, a typical steady-state emission spectrum of a β -NaYF4 : Yb3+ , Er3+
UC nanocrystal (NC; UCNC) is depicted, illustrating clearly the several distinct,
non-overlapping emission bands of Er3+ .
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Figure 1.3.: Steady-state emission spectrum of a typical β -NaYF4 : 20%Yb3+ , 2%Er3+
UCNC from my studies (7 nm core diameter, 3 nm inert shell thickness,
measured as powder). The spectrum of the sample was recorded at the
integrating sphere setup (cf. Sec. 2.2.3 and [9]) with excitation at 976 nm
with P = 56 W/cm2 . The distinct emission bands of the Er3+ ion are
highlighted in the emission colors (brown and orange for the NIR bands)
and the curves are filled in the integration range used for relative emission
determinations (cf. Tab. 2.1 on page 23).

The blue emission band is enhanced ten-fold to increase its visibilty in the

graph. The green band is composed of two transitions 2 H11/2 , 4 S3/2 → 4 I15/2 ,
originating from two states which are
energeticallyRvery close to each other, so
R 535 nm
570 nm
the green-to-green intensity ratio 510 nm I dλ v. 535
nm I dλ might be used
as a nano-thermometer due to the Boltzmann distribution of the populations of
the two levels[61–63]. The green band centered at 540 nm 4 S3/2 → 4 I15/2 is
usually the brightest at low P, whereas the red band centered at 655 nm 4 F9/2 →

4I
15/2 may be populated more efficiently at higher P, depending on the particle
architecture. This will be explored in detail in chapters 4 to 6.
The two NIR bands with higher
energy than the 976 nm excitation are centered


4
4
at 810 nm I9/2 → I15/2 , displayed in brown, and at 845 nm 4 S3/2 → 4 I13/2 ,
displayed in orange. The 845 nm band stems from the same energetic level as the
540 nm band and therefore usually mimicks it in shape and P-dependence, but
shows a lower intensity. The 810 nm band is enhanced relative to the other bands
when the NC is subject to extensive quenching, because it is populated via NRR
from the above-lying 4 F9/2 state and through Er3+ -Er3+ UC, but not through ET
from Yb3+ [20, 59]. Therefore, an increased 810 nm band is an indicator for high
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quenching.

1.3. Potential Applications and Current
Limintation of UC
Potential applications for UC materials are manifold, such as for biological
markers[27, 36, 64], in theranostics[65, 66], as laser materials[3, 32, 51, 64], for
lighting and display technologies[3, 64], NIR quantum counters[64], spectral and
lifetime multiplexing[27, 36], to improve solar cell efficiencies[22, 64], as remote
optical nanothermometers[62], or as cargo for NO release[67]. UC materials convert light from the NIR to vis and even UV range, without spectral cross talk[27].
NIR excitation reduces autofluorescence immensely, making UC materials adantageous to fluorescent dyes or quantum dots, allowing deep tissue penetration of
the incident light[2, 3, 27, 36]. UC phosphors are nonblinking and photostable,
allowing long-time imaging and single-particle measurements[2, 27, 36]. Due to
the strong observed quenching by water, UC materials can be used as a water
sensor in organic environments[68].
Opposed to linear emitters like fluorescent dyes, which can reach quantum yields
close to unity[27, 38], the multiphotonic nature of UC limits the maximum possible quantum yield to 0.5 for a purely two-photonic process and even lower
for a mixture of two- and higher order photonic excitations. However, the most
efficient UC materials are reported to have an UC quantum yield (ΦUC ) of approximately 10 % [2, 3, 27, 34, 36], and one order of magnitude lower for efficient
nanocrystals (NC) dispersed in an organic solvent[2, 3, 27, 36]. Because of the
effecient ET between Yb3+ ions, a faster Yb3+ relaxation by energy migration
(EM) to quenching centers at the particle surface impedes ΦUC , correlating the
Yb3+ lifetime with ΦUC [57]. The low quantum efficiency, combined with a
reduced brightness (cf. Sec. 2.2.3) because of the slow photocycle[36], poses a
clear disadvantage of UC materials, especially UCNC. Common drawbacks for
UCNC stem from surface quenching of surface-near ions by solvents or ligands
containing -OH or NH2 groups through multi-phonon relaxation (MPR) reducing
the efficiency significantly[2, 3, 36, 39].
For luminescent dyes, the quantum yield can be obtained easily from single
steady-state emission and absorption measurements against a known reference[13,
38]. The low ΦUC , the P dependence, and the high reflectivity of UC materials
impede such simple measurement techniques[3, 9, 27]. ΦUC must be obtained
absolutely using integrating sphere technology to ensure precise and accurate
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results[3, 69]. Opposed to relative quantum yield measurements common for
dyes and quantum dots, few commercial setups are available for the absolute
determination of ΦUC , and groups have to rely on custom-built setups[9, 69].
The use of these setups is especially prone to mistakes due to the challenging
calibration, especially the determination of the wavelength-dependent spectral
responsivity of the setup[3, 9, 27]. Moreover, the synthesis of UCNC can be
rather complicated and time-comsuming[12, 27], as the exact dopant composition
is crucial to the particle performance[3, 36]. Ln3+ ions have a low absorption
cross section compared to dyes or quantum dots, and matching the absorption
maximum precisely can be challenging[36, 41]. Resch-Genger and Gorris reported in 2017 that the Ln3+ ion with the largest absorption cross section, Yb3+ ,
has a 1000-10000 times smaller absorption cross section (10−20 cm2 ) compared
to dye molecules, while the spectral window of ∼ 10, 260 − 10, 660 cm−1 is
approximately ten-fold narrower than for an organic dye[27].
The luminescence properties of f-f transitions in Ln3+ ions are relatively wellstudied, but this understanding is not as complete as sometimes suggested. For
example, f-d transitions and charge transfer transitions exist which have not been
subject to a lot of research[70].

1.4. Previous Works
The state of the art in the UC community at the beginning of my studies in
September 2015 is paved by Haase and Schäfer’s review from 2011[2], explaining synthesis techniques and particle architectures, with special focus on the
avoidance of surface quenching by introducing core-shell architectures.
In 2003, Heer et al. had reported the measurement of UCNC in transparent solutions for the first time[71], followed by Heer et al. in 2004, reporting improved
NC performance[39]. It was soon discovered that surface quenching appears to
be the main inhibitor of efficient UCL in UCNC[2].
Consequently, surface quenching was addressed in the following years by several research groups, and it was established that UCL quenching of UCNC was
mostly caused by luminescence quenching at the NC surface[10, 11, 72]. Wang
et al. reported in 2009 that high-frequency vibrational modes of the organic
surfactants at the NC surface act as surface quenching centers, strongly reducing
the luminescence intensity of the NC, an effect that can be reduced by coating
the NC core with a homogeneous shell[10]. Wang et al. reported in 2010 that
if the Ln3+ ions (luminescent centers) are in close contact with the NC surface,
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they couple to vibrational modes of the surface ligands, leading to profound luminescence quenching, which can be overcome by introducing shells to separate
luminescent and quenching centers spatially[11]. According to Wang et al. from
2010, although ultrasmall particles are desired for certain biological applications,
decreasing particle size comes at the expense of weaker emission intensities[72].
This size effect was also observed by Yuan et al. in 2013, who reported that both
UC and down-shifted (DS) emissions decrease with decreasing NC size, and a
comparison of MPR and surface quenching by -OH groups showed that -OH
quenching is four orders of magnitude higher than MPR and the leading cause
for the size effect in UCNC[73].
Tu et al. reported in 2015 that ET in ETU is preceded by far-ranging EM, as the
energy of the excited states hops randomly between donors, until it is trapped by
an activator ion[74]. In 2011, Wang et al. had coined the term EM-mediated UC
(EMU), an effect which shows clear evidence for EM, but contains four different
Ln3+ ions in a core-multiple-shell NC design[75].
Arppe et al. published a study in 2015 which established Yb3+ to be the leading
cause for water quenching, as Yb3+ is especially prone to multiphonon deactivation by -OH vibrations, and due to the nonlinear nature of UCL, sensitizer
quenching is passed onto the activator ions to a great extent[76].
Even though the quenching effects could be attributed to surface ligands and -OH
groups, the exact nature of the low luminescence efficiency of UCNC needed
to be investigated in more detail. Therefore, the Biophotonics group of BAM,
under the supervision of Dr. Ute Resch-Genger, custom-built an integrating
sphere setup, which was published in 2017 by Kaiser et al.[9], following Würth
et al.’s investigations of integrating sphere spectroscopy for linear emitters from
2012, and reviewed different strategies for the determination of quantum yields
in linear and nonlinear optics in 2015[78]. Boyer and van Veggel had previously
published about absolute ΦUC measurements of UCNC using integrating sphere
spectroscopy in 2010[69] after Page et al.’s poineering work from 1997[8].
Strategies for ligand exchange of the oleic acid coated NC for transfer into
aqueous media were soon reported in 2015 by Wilhelm et al.[79]. The different relative emissions and P-dependent populations in water, heavy water, and
hexane were only published in 2018 by Kraft et al. from BAM’s Biophotonics
group[20], but the effects were already known in the group several years prior.
The different possible population pathways of the red emission were disputed by
several researchers, such as Gainer et al. in 2011[80], Berry and May in 2015[60],
and Jung et al. in 2015[81], alleging at least two different two-photonic and one
three-photonic population pathways.
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1.5. Aims and Outline of this Thesis
In my doctoral thesis, I aim at broadening the knowledge about specific quenching
pathways in β -NaYF4 : Yb3+ , Er3+ NC with regards to surface and volume, and
at demonstrating a glimpse of the possibilities opened by elevated Ln3+ doping
concentrations under optimal surface passivation.
• chapter 2 (page 15) presents the UCNC architectures used in the studies
presented in this thesis and provides an overview of the instruments used
for the measurements as well as the corresponding data analysis tools used
throughout the thesis.
• chapter 3 (page 25) introduces bulk materials as a benchmark for the
comparisons to UCNC following in chapters 4 to 6 and introduces the
measurement techniques used throughout the thesis.
• chapter 4 (page 39) provides detailed insight on surface quenching utilizing
a set of ultrasmall sub-4 nm UCNC with varying shell thicknesses of up to
10 nm.
• chapter 5 (page 55) presents a thorough spectroscopic analysis of singleand co-doped NC, concluding the excistence of a volume-specific quenching effect, underlined by the use of a Monte Carlo simulation of the UC
dynamics on the single particle level.
• chapter 6 (page 91) illustrates that with near-perfect surface passivation
and increased Ln3+ doping concentrations, color tunability and high ΦUC
at low P are realized.
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In this chapter, experimental details with regard to the particles and the instruments are illuminated. First, I will provide an overview of the NC which I
investigated throughout my work, including a graphical schematic. In the subsequent sections, the instruments involved in the data acquisition are introduced.
I include specifications of the instruments along with descriptions of the data
analysis tools. For the time-resolved measurements, an Edinburgh FLS980
fluorospectrometer was used, and for the acquisition of excitation spectra, an
Edinburgh FSP920 fluorospectrometer was utilized. The steady-state emission
spectra as well as the P-dependent ΦUC and relative emission data were obtained
with a custom-built integrating sphere setup of the Biophotonics group at BAM.

2.1. Particle Systems
Despite numerous research regarding alternative crystal hosts[3, 5, 82], possibly
reducing the toxicity of UCNC in view of a fluoride-free matrix[35, 48, 83–85],
my research utilizes β -NaYF4 : Yb3+ , Er3+ , which is known to be the most efficient UC system[2, 3, 5, 30, 34], as well as β -NaGdF4 : Yb3+ , Er3+ for ultrasmall
NC[86], which produces similar ΦUC [23].
A schematic overview of the NC explained in this section is given in Fig. 2.1 on
page 17. The bulk samples of chapter 3 are not included in the image.

Comparative study of dierent bulk materials
Preluding spectroscopic studies on UCNC, I thoroughly investigated the optical
properties of two different types of bulk materials (SrF2 single crystals and
β -NaYF4 micrometer-sized powders) in chapter 3 to select one benchmark
sample for further comparisons.

15

2. Experimental

Surface Quenching study on ultrasmall NC
In the first NC study presented in chapter 4, β -NaGdF4 is used instead of
β -NaYF4 , because the incorporation of Gd3+ increases the purity of the β phase of very small NC[47, 86, 87]. The NC are encased with inert β -NaYF4
shells of varying thicknesses from one monolayer to 10 nm. The use of β -NaYF4
as shell material was chosen to compare the shell qualities to other studies in
which β -NaYF4 was utilized for shelling. The synthesis method is described by
Würth et al.[88].

Study of the Volume Eect on Single- and Co-Doped NC
In the second NC study in chapter 5, β -NaYF4 is doped with either 2 % Er3+
(ErNC), or 20 % Yb3+ (YbNC), or co-doped with 2 % Er3+ and 20 % Yb3+
(UCNC). The particle sizes are varied from 7 nm to at least 28 nm. The smallest
core particles of 7 nm re encased with an inert β -NaYF4 shell of up to 3 nm. The
synthesis route is explained in detail by Grauel et al.[89].

Studying Increased Doping Concentrations
In the third NC study in chapter 6, the NC sizes are fixed at ∼20 nm core and
∼10 nm shell thickness. The Yb3+ concentration is varied from 20 % to 98 %
while maintaining 2 % Er3+ , and subsequently the Er3+ concentration is increased
from 2 % to 40 % while maintaining 60 % Yb3+ concentration. To compensate
the increasing lattice strain at the core-shell interface, Lu3+ ions are doped into
the shell at the same amount as the sum of Er3+ and Yb3+ doping in the core,
due to the very similar ionic radii of Lu3+ , Er3+ , and Yb3+ (cf. Tab. 1.2). The
synthesis route of these particles is explained in detail in Homann et al.[12].
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Figure 2.1.: Schematic overview of the NC samples analyzed in this thesis. a) In
chapter 4, sub-4 nm UCNC with a NaGdF4 matrix are encased with an
inert NaYF4 shell with up to 10 nm thickness. b) In chapter 5, 7 nm NaYF4
NC with Yb3+ ,Er3+ co-doping (displayed in blue), or Yb3+ (red) or Er3+
(green) single doping are encased with an inert NaYF4 shell up to 3 nm
thick. The sizes of the unshelled NC are increased to at least 28 nm. c)
In chapter 6, the Yb3+ and Er3+ doping concentrations of ∼20 nm core,
∼10 nm shell NaYF4 NC are increased from 20 % Yb3+ , 2 % Er3+ to 98 %
Yb3+ , 2 % Er3+ (Yb3+ series) and from 60 % Yb3+ , 2 % Er3+ to 60 %
Yb3+ , 40 % Er3+ (Er3+ series).
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2.2. Instruments
This section will provide an overview of the three measurement setups I have
mostly used for the data acquisition: The FLS980 fluorospectrometer from
Edinburgh Instruments at which almost all decay measurements were carried
out, the FSP920 fluorospectrometer from Edinburgh Instruments which I utilized
for excitation scans and complementary decay measurements, and the custombuilt integrating sphere setup used for P-dependent ΦUC measurements. All
measurements were carried out at BAM.

2.2.1. Time-Resolved Spectroscopy: FLS980

Time-resolved emission scans, or decay mesurements, are a powerful tool to investigate the kinetics of the electronically excited states[13]. Since the Yb3+ ,Er3+ co-doped system displays a complicated energy scheme (cf. 1.2), the excited
electronic states generally exhibit more than one population and depopulation
channel, which manifests in complicated, multi-exponential decays. Most decays of all samples were recorded using the FLS980 fuorospectrometer from
Edinburgh Instruments, which is equipped with an electrically modulated 8 W
978 nm laser with 40 µs square-shaped pulses, a 100 mW 375 nm LED with 5 µs
square-shaped pulses, and a red-extended photomultiplier tube (Hamamatsu PMT
R2658P) as detector for time-resolved single photon counting with multi-channel
scaling (MCS). The computer contains the spectrometer operating software F980.
The sample chamber allows 90 ◦ excitation of solid/powdered specimen in a flat
quartz class cuvette and dispersed samples in 10x10 mm quartz cells. A beam
dump is placed inside the sample chamber to collect any stray laser light. The
width of the slit in the emission channel can be varied from 0.02 mm to 10 mm.
The two detector gratings allow detection in the range of ∼350-1100 nm.

Time-Resolved Emission Spectroscopy (TRES) TRES data are obtained
by measuring the decays of a sample under identical conditions (emission slit
width, measurement time, excitation light source, sample positioning, etc.) at
various emission wavelengths at the FLS980 spectrofluorometer. The results are
wavelength- and time-dependent emission intensities I(t, λem ). Diodes emitting
at 978 nm and 375 nm were used as excitation light sources.
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Data Analysis with FAST
Upon obtaining decay curves and instrument-response functions (IRFs, measured
at the laser wavelength without a sample), the software FAST (Fluorescence
Analysis Software Technology), provided by Edinburgh Instruments, can be
utilized for multi-exponential fitting to determine the lifetimes of the samples
at the respective excitation and emission wavelengths. FAST is optimized for
multi-exponential fitting with up to four lifetime components. In general, a multiexponential fit is applied following Eq. (2.1), where I(t) is the time-dependent
luminescence intensity, N is the number of exponential components (in FAST:
N ∈ {1, 2, 3, 4}), τi is the ith lifetime component, and Bi is the amplitude of the
ith component.
N



t
I(t) = ∑ Bi · exp −
τi
i=1

(2.1)

Contrary to commonly-used organic reporters like dyes[90], an emissive transition is seldomly mono-exponential, and the single components can hardly be
attributed to a physical process with certainty, since the UC process in Yb3+ , Er3+
co-doped systems can be very complex (cf. Fig. 1.2). Therefore, to compare
datasets, it is reasonable to compute a mean lifetime, such as the intensityweighted mean lifetime τint , given in Eq. (2.2).
τint =

∑i Bi · τi2
∑i Bi · τi

(2.2)

Analogous to Eq. (2.1), τi stands for the ith lifetime component and Bi its amplitude from the multi-exponential tail fit.
2.2.2. Steady-State and Time-Resolved Spectroscopy:
FSP920

For excitation scans of the samples, I used another spectrometer with a bettersuited excitation and detection equipment. The sample chamber geometry of
the FSP920 fluorospectrometer from Edinburgh instruments is identical to the
FLS980. However, it is equipped with a continuous Xe lamp as excitation light
source, with a spectral profile that is measured using a reference detector. The
instrument is calibrated regularly by Dr. Jutta Pauli with respect to any discrep-
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ancy between the reference diode and the detection channel, and the result is
contained in a correction file. The corrected, instrument-independent spectra are
in photonic units.
Moreover, the FSP920 is equipped with a wavelength-tunable µF lamp for pulsed
excitation from 350-1000 nm. This lamp does not provide a square pulse. An
estimated pulse width (FWHM) is ∼3 µs. For a small subset of decay measurements, the samples were excited at 485, 525, or 635 nm using the µF lamp as
excitation light source, in which case the measurements were carried out at the
FSP920 instead of the FLS980. For the measurements at 978 nm and 375 nm
excitation, the diodes at the FSL980 were preferred.
The three detectors installed at the FSP920 are Vis, MID and NIR detectors,
the latter of which must be cooled using liquid nitrogen. For the acquisition
of the excitation spectra shown in this thesis, the MID detector (red-extended
photomultiplier tube (Hamamatsu PMT R2658P)) was used. The PC contains
the measurement software F900.

2.2.3.

P-dependent

Spectroscopy: Custom-Built

Integrating Sphere Setup

Due to the nonlinear optical nature of UC, integrating sphere spectroscopy is
necessary for accurate ΦUC results[9, 69, 77, 78]. The inside of the integrating
sphere (Ulbricht sphere) is coated with a highly reflective material (BaSO4 ) to
ensure a homogeneous distribution of any luminescence in the entire sphere,
acting like a Lambertian radiator. As a result, any point within the sphere exhibits
the same light intensity, so the luminescence can be measured anywhere inside
the sphere[9, 69, 77, 78]. To avoid stray light from the excitation light source or
the luminescent sample, a baffle is placed near the bottom of the sphere, and a
fiber connected to the spectrometer is attached underneath. The sample is placed
inside a quartz glass cuvette and into a sample holder, which is inserted into the
integrating sphere, above the baffle. A schematic overview of the integrating
sphere setup of the Biophotonics group of BAM is depicted in Fig. 2.2. Dr.
Christian Würth has designed an integrating sphere setup for linear emitters[77],
Dr. Martin Kaiser extended this for UC[9], and Dr. Marco Kraft added NIR
detection for DS measurements.
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Figure 2.2.: Schematic overview of the custom-built integrating sphere setup. A 976 nm
laser diode is fibre-coupled and collimated. A set of reflective OD filters
allows for the attenuation of the excitation light over three orders of magnitude. The beam is focussed on the sample with a top-hat beam profile, using
a 500 mm focal lens. The light is fibre-coupled from beneath a baffle inside
the sphere to a filter wheel and detector, which consists of a monochromator
and a Si-CCD for UC detection and an InGaAs-CCD for DS detection.

An exact and thorough description of the design and the components of the
integrating sphere setup as well as measurement procedures and requirements to
the optical properties of a sample was published by Kaiser et al. in 2017[9]. In
this section, I will briefly explain the operation and techniques.
The filter wheel in the detection channel is equipped with optical density, bandpass, and edge filters for optimal detection without stray light or oversaturation
of the Si CCD (used for UC measurements) or the InGaAs CCD (used for DS
measurements).
The most-used excitation light source at the integrating sphere setup is a highly
stable 8 W 976 nm laser (intensity fluctuation <0.2 % over two hours) with a
maximum P of ∼400 W/cm2 with a top hat beam profile at the sample position[9].
Using the two filter wheels in the excitation channel depicted in Fig. 2.2, the
beam P can be attenuated over three orders of magnitude (maximum OD of 3)
while maintaining the output power of the laser, circumventing a common pitfall
for tunable light sources, as tuning their output power often produces changes in
the spectral output or the stability.
In some cases, when the maximum attenuation does not yield a low enough P
to obtain a full understanding of the population dynamics, a second laser with
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977 nm output at 2 W and a maximum P of approximately 10 W/cm2 (due to the
larger beam diameter) can be utilized for even lower P. In my work, the 2 W
diode was used for complementary low-P measurements of the highly-doped
UCNC described in chapter 6.

Quantum Yield Determination
From P-dependent measurements, the upconversion quantum yield ΦUC can be
derived. ΦUC is defined as the ratio of the number of emitted photons to the
number of absorbed photons, where the wavelength of the emitted photons λem
is shorter than that of the excitation light λex (Eq. (2.3)). In this thesis, I use the
terms “quantum yield” and “quantum efficiency” interchangeably, according to
IUPAC[19], despite a recent report suggesting different definitions[91].
ΦUC =

Nem
Nabs

λem < λex



(2.3)

The down-shifted quantum yield ΦDS is defined as the ratio of the emitted photons
to the number of absorbed photons, with the emission wavelength above the
excitation wavelength (Eq. (2.4)).
ΦDS =

Nem
Nabs

λem > λex



(2.4)

The number of absorbed photons is determined from the spectral profile of the
laser from sample and blank measurements, where the sample spectrum is corrected for the Yb3+ emission, which overlays the laser spectrum and can thus
cause an underestimation of the absorption if left uncorrected. For measurements
in solvent, a cuvette with that solvent was used as blank. For measurement of
solids, an empty cuvette of the same thickness was used as blank.
The number of emitted photons is determined by integration over the entire
emission spectrum. All spectra are corrected for spectral responsivity and filter
effects. The setup is calibrated with a spectral density standard from Physikalische Technische Bundesanstalt (PTB).

Relative Emissions
From the emission spectra, the emissions of each band can be computed separately by integration over the band. Divided by the sum of all emissions, each
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band is assigned a P-dependent, sample-specific relative emission[9]. The integration boundaries for each emission band are adopted from Kaiser et al.[9] and
are given in Tab. 2.1.

Band
Transition
Wavelength range
2
4
H9/2 → I15/2
blue
394-430 nm
2
4
green (1) H11/2 → I15/2
510-535 nm
4
4
green (2) S3/2 → I15/2
535-570 nm
4
4
F9/2 → I15/2
red
630-685 nm
4
4
NIR (1)
783-833 nm
I9/2 → I15/2
4
4
NIR (2)
833-860 nm
S3/2 → I13/2
Table 2.1.: Emission bands and their integration ranges used for the calculations of
relative emissions and slope factors, as proposed by Kaiser et al.[9]. The
bands are highlighted in Fig. 1.3 on page 9.

Slope Factors
According to Eq. (1.2) on page 2, the slope factor n is dictated by the number of photons involved in the population of an emissive band during the UC
process. In a system as complex as β -NaYF4 : Yb3+ , Er3+ , there are usually
several competing population processes, as well as possible saturation of excited
states[3, 20, 21], therefore experimentally-obtained n are usually not integers.
For high P, saturation of activator states is observed, and n approaches values
close to one[3, 20, 21].
The experimental slope factors can be determined by linear fitting of the log-log
intensity over P plot. They are computed according to Eq. (2.5), adapted from
Kaiser et al.[9]. Herein, IUC is the intensity of the UC band at the emission
wavelength λem (cf. Tab. 2.1), Pi and Pj are two neighboring P measurement
values, and Pn is the arithmetic mean of Pi and Pj .


ln IUC (λem , Pj ) − ln IUC (λem , Pi )
(2.5)
n(Pn ) =
ln (Pj ) − ln (Pi )
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2.2.4. Complementary measurements

In chapter 5, further measurements are carried out on a subset of the samples
to increase our understanding of the processes and relevant factors. These
measurements were performed by colleagues at BAM.

Diuse Reectance Spectra
In chapter 5, the excitation spectra are complemented by diffuse reflectance
spectra using Kubelka-Munk theory. These measurements and calculations were
performed by Dr. Christian Würth using an LS1050 from Perkin Elmer, with the
bulk powders filled into thin quartz cells. The diffuse reflectance spectra were
calculated relatively to certified diffuse reflectance standards from sphere optics.

FTIR
Vibrations of surface ligands are suspected to be a significant source for surface
quenching. Dr. Bastian Rühle performed attenuated total reflection Fouriertransform infrared (ATR-FTIR) measurements using a Nicolet Nexus FT-IR
spectrometer (Thermo Electron Corporation) with an ATR accessory, averaging
over 100 scans in the range of 4000 − 400 cm−1 . A fresh background was
collected prior to each sample measurement and subtracted from the measured
spectrum.
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3. Results and Discussion:
Selection of a Benchmark
Bulk Material
As a preparation for studies on NC, I will establish a benchmark bulk material
from a selection of candidates. The optical characterization methods in this
chapter introduce the measurement techniques used throughout the thesis, starting
with excitation and emission spectra, proceeding to decay and lifetime analyses,
and completing the investigation with P dependent ΦUC and relative emission
data. The results from a subset of these materials were published in 2020 by
Saleta Reig et al.[92] and in 2021 by Grauel et al.[89]. A link to the article by
Saleta Reig et al. is provided here:
https://pubs.rsc.org/en/content/articlehtml/2020/tc/c9tc06591a

Grauel et al. is reproduced under the Creative Commons license, which can be
found here:
http://creativecommons.org/licenses/by/4.0/

3.1. Investigated Bulk Samples
Nanometarials were defined by the European Commission in 2011 as “a natural,
incidental or manufactured material containing particles, in an unbound state
or as an aggregate or as an agglomerate and where, for 50 % or more of the
particles in the number size distribution, one or more external dimensions is in
the size range 1 nm-100 nm”.[93] and reviewed by the European Commission in
2014[95][97] and in 2015[99], maintaining the initial definition. Thus, a material
typically has bulk properties when the majority of the particles is bigger than
100 nm, resulting in a drastically decreased surface-to-volume ratio compared to
nanomaterials, essentially eliminating surface-related quenching effects[2]. Bulk
UC materials were the first efficient Ln3+ -based UC systems reported[3, 8, 100–
102]. In UC, bulk materials are usually µm-sized powders[7, 82, 103] or larger
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crystals, such as microrods[104].
Due to the lack of surface quenching, the different and more established synthesis
procedures, and the good reproducibility[34], β -NaYF4 : Yb3+ , Er3+ bulk UC
materials usually yield long lifetimes and high ΦUC , and they are considered the
golden standard in UC[2, 27, 34, 36, 39]. Bulk ΦUC are reported to be as high as
10 % [2, 27, 34, 36] and are frequently used as a reference or benchmark for NC
efficiency.
Throughout my studies, I have worked with two fundamentally different types of
UC bulk materials: microcrystalline powders and mm-sized single crystals.

Powder samples A β -NaYF4 : 18%Yb3+ , 2%Er3+ powdered phosphor was
provided to us by Dr. K. Krämer from University of Bern, Switzerland, and Prof.
Th. Jüstl from FH Münster, Steinfurt allocated a β -NaYF4 : 20%Yb3+ , 2%Er3+
powdered phosphor, along with two β -NaYF4 : 2%Er3+ and β -NaYF4 : 20%Yb3+
powdered bulk phosphors. Both Krämer’s and Jüstl’s materials are ligand-free
and produced via a high temperature synthesis, as opposed to NC, which are
typically grown through Ostwald ripening[2, 12, 27, 89, 105].

Single crystal samples Another set of bulk samples I investigated was mm-

sized SrF2 : Yb3+ , Er3+ single crystals provided by V.A. Konyushkin and A.N.
Nakladov from the Prokhorov General Physics Institute of the Russian Academy
of Sciences (GPI RAS) in Moscow, grown using a Bridgman technique[92].
These materials have been thoroughly studied by me and David Saleta Reig
during his master studies at BAM and Universitat Politècnica de Catalunya
using steady-state excitation and emission spectroscopy as well as time-resolved
emission spectroscopy and P-dependent integrating sphere measurements.

Nomenclature Throughout the course of this thesis, Krämer’s bulk will be
referred to as “KK’s bulk” or “KK’s powder” , Jüstl’s (co-doped) bulk will be
called “TJ’s bulk” or “TJ’s powder”, and Nakladov and Konyushkin’s single
crystals will be called “K&N’s bulk” or “K&N’s crystals”. Tab. 3.1 gives an
overview of the bulk materials used here. Fig. 3.1 shows a photograph of KK’s
and TJ’s bulk powders and one of K&N’s single crystals.
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Sample Name

state

host

KK’s bulk
TJ’s bulk

powder

β -NaYF4

K&N’s bulk

single crystal

SrF2

Doping [%]
dn.n. [Å]
3+
3+
Yb
Er
Ln-Ln Yb-Yb Er-Er
18
7.1
7.4
15.4
20
6.9
7.1
2
10.7
13.5
2
3
9.9
11.8
13.5
5
8.9
9.9
7.5
8.0
8.7

Table 3.1.: Overvew of bulk materials used in this study: two powders with micrometersized particles, synthesized by Dr. K. Krämer (“KK”) from University of Bern
and Prof. Th. Jüstl (“TJ”) from FH Münster, and four millimeter-sized single
crystals synthesized by V.A. Konyushkin and A.N. Nakladov (“K&N”) from
the Karlsruhe Institute of Technology. This table states doping concentrations
and nearest-neighbor interionic distances dn.n. calculated
using Eq.’s (1.6)

and (1.7) with regards to the respective host lattice.

Figure 3.1.: Photograph of KK’s and TJ’s bulk powders and one of K&N’s single crystals
(with Ln3+ doping of 2 %Yb3+ , 2 % Er3+ ) in their storage containers.

3.2. Excitation Spectra
Excitation spectra of KK’s and K&N’s bulk materials were recorded as described
in Sec. 2.2.2. The results are displayed in Fig. 3.2.

27

3. Results and Discussion: Selection of a Benchmark Bulk Material

Figure 3.2.: Excitation channels of different bulk materials: In cyan, the
β -NaYF4 : 18%Yb3+ , 2%Er3+ microcrystalline powder phosphor provided
by K. Krämer (KK) from University of Bern is displayed. The mm-sized
SrF2 : X%Yb3+ , 2%Er3+ single crystals provided by V.A. Konyushkin and
A.N. Nakladov (K&N) from the Karlsruhe Institute of Technology are
displayed in blue (X = 2), green (X = 5) and yellow (X = 7.5). A Xenon
lamp is used as excitation light source and the spectra are corrected for the
spectral resolution of the lamp. In a) - d), the green emission at 540 nm
(KK, a) and at 542 nm (K&N, b - d) is shown. In e) - h), the red emission

at 655 nm is displayed, and in i) - l), the Yb3+ emission 2 F5/2 → 2 F7/2 ,

possibly overlayed with the Er3+ emission 4 I11/2 → 4 I15/2 , measured
at 1000 nm (KK, i) and at 980 nm (K&N, j-l), is shown. All curves are
normalized to the 4 F5/2 band. KK’s bulk data are also shown in Fig. 2 of
[89]. Measurements of K&N’s bulk were performed by David Saleta Reig
and are also featured in Fig. 4 of [92].

All curves in Fig. 3.2 are normalized to the 4 F5/2 band of Er3+ . In Fig. 3.2(a)-
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(d), the excitation spectra of the green Er3+ emission are displayed. The population of the green Er3+ emission appears relatively independent
of the chosen

crystal host. The energy bands of KK’s bulk Fig. 3.2(a) , displayed in cyan,
express a slightly different fine structure than the SrF2 : Yb3+ , Er3+ single crystals
(b)-(d) due to the different local crystal field, but the graphs are very similar in
overall spectral shape and relative intensity.
In Fig. 3.2(e)-(h), the excitation spectra of the red Er3+ emission are shown.
There is a significant, ∼30-100-fold increase of the UV bands 2 G7/2 , 2 G9/2 ,
and 4 G11/2 , and a ∼10-20-fold increase of the 2 H9/2 band in KK’s bulk powder


Fig. 3.2(e) , compared to the SrF2 : Yb3+ , Er3+ single crystals (f)-(h) . Evidently, the β -NaYF4 matrix favors efficient BET to populate the red emissive
band[2, 3, 34, 39]. The smaller interionic distances due to different doping
concentrations are likely to contribute to the enhancement as well (cf. Tab. 3.1).
The BET process 2 F7/2 ,4 G11/2 →2 F5/2 ,4 F9/2 is shown schematically in Fig. 1.2
and discussed in more detail in chapter 5.

Matrix-dependent effects are also evident in the Yb3+ and possibly also Er3+
emission at 980-1000 nm, displayed in Fig. 3.2(i)-(l). Again, the UV bands of
KK’s bulk Fig. 3.2(i), measured at 1000 nm are elevated, because the efficient
BET populates the 2 F5/2 state of Yb3+ . The Yb3+ band in the spectrum of
KK’s bulk is enhanced in comparison to K&N’s crystals, due to the different
interionic Yb3+ distances (cf. Tab. 3.1), but the structure of the Yb3+ band is
also fundamentally different due to the different local symmetries in SrF2 and in
β -NaYF4 [23–26, 30, 50, 51, 53, 92, 106].

3.3. Emission Spectra
During the ETU process, the excited Yb3+ ions in the 2 F5/2 state feed the Er3+
ions through ET, so 976 nm is a suitable excitation wavelength to explore the
entire visible and NIR Er3+ emission spectrum [41]. Steady-state emission
spectra of KK’s and TJ’s powders as well as K&N’s single crystals were recorded
using the integrating sphere setup (cf. Sec. 2.2.3), the results are displayed in
Fig. 3.3.
The matrix-dependent fine structure of the emissive energy levels caused by
the different local fields and symmetries is even more evident from the emission
spectra depicted in Fig. 3.3 than the excitation spectra shown previously in
Fig. 3.2. The green, red, and NIR emissive bands of Er3+ at 535-570 nm, 635685 nm, and 833-860 nm, respectively, display significantly altered spectral
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Figure 3.3.: Steady-state emission spectra of different bulk materials, obtained at the integrating sphere setup at P of ∼48 W/cm2 , using 976 nm laser excitation. a)
and b) display emission spectra of the microcrystalline powder phosphors a)
β -NaYF4 : 20%Yb3+ , 2%Er3+ provided by Th. Jüstl (TJ) from FH Münster
(navy) and b) β -NaYF4 : 18%Yb3+ , 2%Er3+ provided by K. Krämer (KK)
from University of Bern (cyan). c) - f) display emission spectra of the mmsized SrF2 : X%Yb3+ , 2%Er3+ single crystals provided by V.A. Konyushkin
and A.N. Nakladov (K&N) from the Karlsruhe Institute of Technology for
c) X = 7.5 (yellow), d) X = 5 (green), e) X = 3 (teal), and f) X = 2 (blue).
K&N’s bulk were measured by David Saleta Reig, and c), d) and f) are also
featured in Fig. 2(b) of [92].



shapes when comparing β -NaYF4 Fig. 3.3(a)-(b) to SrF2 Fig. 3.3(c)-(f) . For
all spectra in Fig. 3.3, the red band is the most prominent and the green band
is the second strongest emitting band at the used P of ∼48 W/cm2 . The blue
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band located around 410 nm, which is populated through at least three-photonic
excitation and therefore rather weak at these relatively low P[20], and the NIR
band located at approximately 810 nm, which is an indicator for quenching
processes[20], are barely visible and only play a secondary role in the emission
of these bulk materials at 976 nm excitation.

3.4. Decay Kinetics
Decay kinetics, including lifetime, rise and mono- or multiexponentiality, are
powerful discussion tools of UCL properties of UC materials. In Fig. 3.4, the
green and red decay curves of several 375 nm and 978 nm excited bulk materials
are displayed, as well as the Yb3+ emission at 978 nm excitation.
In Fig. 3.4(a) and Fig. 3.4(c), the green and red Er3+ emissions of KK’s and TJ’s
bulk powders as well as two of K&N’s single crystals
at 375 nm excitation are

displayed. For the green emission Fig. 3.4(a) , both NaYF4 materials display
a bi-exponential decay with a short and a longer decay component. KK’s bulk
(cyan) decays slightly faster than TJ’s bulk (navy), but the decays of both
 SrF2
single crystals are significantly shorter. The red emission Fig. 3.4(c) of all
materials appears monoexponential and the two curves of KK’s and TJ’s powders
are almost identical, with the decay of KK’s bulk minimally longer than TJ’s.
The SrF2 single crystal with 7.5 % Yb3+ doping (displayed in yellow) decays
faster. The SrF2 single crystal with 2 % Yb3+ doping displays a significant rise,
indicating that the BET population of the red-emissive 4 F9/2 state of Er3+ is not
very efficient at this low Yb3+ doping concentration.
Fig. 3.4(b), (d), and (e) presents the emissions of KK’s and TJ’s bulk powders as
well as K&N’s single crystals at 978 nm excitation (indirect excitation
of Er3+

ions through ETU from Yb3+ ). The green Er3+ emissions Fig. 3.4(b) of KK’s
bulk (cyan) and the K&N’s crystals (blue, teal, green, yellow) display similarly
long decays. The single crystal with the lowest Yb3+ content (2 %, blue) displays
a significant short decay component, but a larger long component than the other
samples. TJ’s bulk shows a significantly shortened decay compared to the other
bulk samples.

For the red Er3+ emission upon 978 nm excitation Fig. 3.4(d) , the single
crystals display substantially longer lifetimes than the powdered samples, of
which KK’s bulk yields a slightly longer decay.
The Yb3+ emission was measured at 940 nm for the powdered samples and at
1000 nm for the single crystals. Fig. A.8 on page 145 in the appendix provides
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Figure 3.4.: Decays of different bulk materials, obtained at the FLS980 at 375 nm
(a, c) and 978 nm (b, d, e) pulsed excitation. The decay curves of the
microcrystalline powder phosphors are displayed in navy (TJ’s bulk) and in
cyan (KK’s bulk). The decay curves of K&N’s mm-sized single crystals
with SrF2 : X%Yb3+ , 2%Er3+ doping are displayed in blue (X = 2), teal
(X = 3), green (X = 5), and yellow (X = 7.5). The upper panel shows
the green emission measured at 540 nm, the middle panel shows the red
emission measured at 655 nm (KK’s and TJ’s bulk) and at 650 nm (K&N’s
crystals), and the lower panel shows the NIR emission at 940 nm (KK’s
and TJ’s powders) and at 1000 nm (K&N’s crystals). K&N’s samples were
measured by David Saleta Reig and are also featured in Fig. 3 of [92]. KK’s
bulk is also featured in Fig. 4 (a, d) and in Fig. 5 (a - c) of [89].

32

3.5. Quantum Yields and Relative Emission Intensities
evidence that both
emission wavelengths represent the same Yb3+ transition

2F
2
5/2 → F7/2 and are therefore interchangeable. The decay is very similar for
the single crystals and KK’s powder, while TJ’s powder displays significantly
shorter decay kinetics. The single crystals all display very similar emissions,
with slightly longer decays for lower Yb3+ doping concentrations. The decreased
lifetime of the excited Yb3+ state of TJ’s bulk would explain the shorter green and
red lifetimes, because these emissive levels of Er3+ are fed by Yb3+ through ETU
at 978 nm excitation. Therefore, the ETU Er3+ emissions can mimick the Yb3+
decay kinetics, as a shorter lifetime of the sensitizer likely produces a shortened
decay of the activator. Surprisingly, although the Yb3+ emission of TJ’s powder
appears to be quenched, the directly-excited Er3+ levels emit similarly to KK’s
powder. Here, KK’s bulk outperforms TJ’s in every measurement, including
the 410 nm emissions cf. Fig. A.6 on page
 143 in the appendix). The green
emission at 375 nm excitation Fig. 3.4(a) is the only exception, and the reason
for this is unknown. Possibly, there is an issue with KK’s bulk affecting only
the 4 S3/2 state of Er3+ , or the quenching of TJ’s bulk affects the green emission
less than the other bands. This could be caused by the growth temperature or
different particle sizes of the polydisperse micrometer-sized bulk crystals.

3.5. Quantum Yields and Relative Emission
Intensities
P-dependent measurements are another key feature for the optical characterization of UC materials, illustrating and employing the nonlinear optical nature
of ETU. In the following, the UC quantum yield (ΦUC ) as well as the relative
emissions of all emissive vis and NIR energy bands of Er3+ will be discussed.
Fig. 3.5 displays the ΦUC measurement data of KK’s and TJ’s bulk powders an
K&N’s single crystals, the relative emission intensities are shown in Fig. 3.6.

Quantum yield As Fig. 3.5 illustrates, the quantum efficiency of KK’s bulk
(cyan) is the highest of all investigated bulk samples, with a maximum value
of 9.2 % at 18.5 W/cm2 . TJ’s bulk falls behind with a maximum ΦUC of 7.5 %
at 12.8 W/cm2 . The SrF2 single crystals display generally lower ΦUC with
maximum values of 5 % for the crystal with 3 % Yb3+ doping, and maximum
ΦUC of 4.3 % for 7.5 % Yb3+ doping, but in contrast to the powders, which show
saturation of ΦUC with respect to P and even a decrease of ΦUC at high P, the
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crystals do not reach saturation in the external P range explored here. This could
be explained by the lower Yb3+ content, yielding lower total absorptions and
therefore less heat, and by the generally better heat dissipation properties of
single crystals compared to powders[92]. Moreover, since the electronic states
of Er3+ (and not Yb3+ ) are shown to saturate[3, 20, 21], a lower Yb3+ content
requires higher P to deliver the same amount of energy to Er3+ .

Figure 3.5.: ΦUC measurement results of different bulk materials, obtained with the
integrating sphere setup from BAM at 976 nm laser excitation. Two microcrystalline powders were measured (TJ’s bulk, displayed in navy, and
KK’s bulk, displayed in cyan) along with K&N’s four mm-sized single
crystals with SrF2 : X%Yb3+ , 2%Er3+ doping X = 2 displayed in blue,
X = 3 displayed
in teal, X = 5 displayed in green, and X = 7.5 displayed

in yellow . KK’s bulk exhibits the highest overall ΦUC , TJ’s bulk displays
a sightly lower, but similar ΦUC , while ΦUC of K&N’s single crystals is
approximately one order of magnitude lower at low P. K&N’s bulk data
are also shown in Fig. 6 of [92].

Relative emission intensities For the ΦUC computation, all measured photon
counts from emissions with wavelengths below the excitation wavelength are
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summed up (cf. Eq. (2.3) and Sec. 2.2.3).
In my case of Yb3+ as sensitizer and Er3+ as activator, the wavelength range
of 968-982 nm was considered for the absorption and the wavelength range of
400-860 nm for the emission. For the analysis of the relative emissions of the
separate emissive bands of Er3+ , several separate integrations over the single
bands are performed and then divided by the total emission (cf. Tab. 2.1). The
results are shown in Fig. 3.6.

Figure 3.6.: Relative emissions intensities of different bulk materials, obtained at the
integrating sphere
976 nm laser excitation,
displaying the red
 setup with

4F
4
2
4
4
H11/2 , S3/2 → I15/2 , NIR at 810 nm 4 I9/2
9/2 → I15/2 , green


→ 4 I15/2 , NIR at 845 nm 4 S3/2 → 4 I13/2 , and blue 2 H9/2 → 4 I15/2
emissions. Data of K&N’s SrF2 : X%Yb3+ , 2%Er3+ single crystals are
displayed with a) X = 2, b) X = 3, c) X = 5, and d) X = 7.5. Data of
β -NaYF4 : X%Yb3+ , 2%Er3+ microcrystalline powders are displayed with
e) X = 18 (KK) and f) X = 20 (TJ). Quenching in all samples is very
low, expressed by the low intensity of the NIR band centered at 810 nm,
displayed in brown. The red content of the single crystals decreases with
increasing Yb3+ concentation. KK’s bulk exhibits a rather low red emission.

Of all samples,
the lowest Yb3+ content of only 2 %
 the SrF2 single crystal with
Fig. 3.6(a) displays the highest red Er3+ emission, with a systematic decrease of
the red band and increase of the green and NIR (at 845 nm) bands with increasing
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Yb3+ content. The emissions from TJ’s bulk powder Fig. 3.6(f)
are very simlar

3+
3+
to the SrF2 : 7.5%Yb , 2%Er single crystal Fig. 3.6(d) . KK’s bulk powder
Fig. 3.6(e) displays the lowest red and highest green relative luminescence
of all samples investigated. All measurements reveal an increasing red Er3+
emission with increasing P, and a low blue contribution for all P, indicating that
the blue emissive level 4 H9/2 is not very efficiently populated, not even at higher
P, and the low NIR (810 nm) emission indicates a lack of quenching.

3.6. Summary and Outlook
A thorough photophysical investigation of two β -NaYF4 : Yb3+ , Er3+ powder
phosphors and four SrF2 : Yb3+ , Er3+ single crystals has shown that even though
the literature frequently refers to “bulk values” and “the bulk”, there is no one
bulk value, not even for two materials with the same crystal host and very similar
doping.
The bulk study was initiated with excitation scans, revealing different excitation
channels for the red emissive band of Er3+ as well as for the Yb3+ emission,
depending of the choice of crystal host: The β -NaYF4 : Yb3+ , Er3+ matrix favors
BET from Er3+ to Yb3+ , while the SrF2 : Yb3+ , Er3+ samples show comparably
little evidence for efficient BET, but a clear concentration dependence. Emission
scans have confirmed that the spectral shape, but not the position of an emissive
band is affected by the local crystal field.
During the analysis of the decay measurements, it became evident that KK’s
powder seems to be more efficient than TJ’s bulk, as the Yb3+ emission of the
latter appears quenched. K&N’s single crystals display longer decays overall,
their decay curves are often very similar to each other and to KK’s bulk, while
TJ’s bulk often decays faster. Relative emission measurements revealed a strong
contribution of the red-emissive energy band of Er3+ for K&N’s crystals and
TJ’s powder, while KK’s powder emits mostly green at low P and red at higher
P. KK’s bulk displays the highest ΦUC of all bulk samples measured here. The
efficiency of TJ’s bulk follows closely, while K&N’s crystals show much lower
ΦUC at the used P.
Since each material investigated here has different properties, it should always
be states which kind of bulk material was used, and an optical characterization
of the bulk sample should be included when comparing them to NC. This way,
they can be used as valid guidelines to estimate the quality of the NC under
consideration, e.g. when analyzing lifetimes or quantum yields.
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In the following chapters, KK’s β -NaYF4 : 18%Yb3+ , 2%Er3+ bulk powder will
be used as benchmark, because the NC in my studies are synthezised with a
β -NaYF4 matrix (or β -NaGdF4 , which is very similar to β -NaYF4 ), eliminating
the SrF2 single crystals as suitable references, since it could be shown in this study
that the photophysical properties are influenced by the host quite significantly.
TJ’s bulk, with the same crystal host as KK’s bulk and a doping which more
closely resembles that of the NC, has in fact a lower ΦUC and mostly shorter
lifetimes than KK’s bulk, indicating that KK’s bulk is overall more efficient and
therefore a better reference for desirable UCL.
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4. Results and Discussion:
Surface Quenching of
Ultrasmall Particles
A main drawback of UCNC is their low ΦUC compared to bulk materials[2, 3, 5,
82, 107]. This effect, called size quenching, affects smaller UCNC in particular,
due to their increased surface-to-volume ratio. The aim of this study is to show if
size-related quenching processes in ultrasmall NC can be completely suppressed
by an inactive shell that restricts ET to the particle surface.
Under the assumption that the reduction of ΦUC for smaller NC sizes is solely
caused by surface quenching, a thick-enough shell should be able to suppress all
size-related quenching. The β -NaYF4 : 18%Yb3+ , 2%Er3+ bulk powder introduced in chapter 3 as KK’s bulk, provided by Dr. K. Krämer from University of
Bern, serves as a benchmark material to evaluate the success of this strategy.
Ultrasmall NC with a (3.7 ± 0.5) nm β -NaGdF4 : 20%Yb3+ , 2%Er3+ active core
and shell thicknesses ranging from 0.5-10 nm were investigated to find an optimal shell thickness, using β -NaYF4 as shell material. The core and core-shell
UCNC were investigated using time-resolved emission spectroscopy as well
as P-dependent steady-state spectroscopy for obtaining quantum yields, slope
factors, and relative emission intensities, assessing passivation effects. Focus
was also laid on the down-shifted (DS) short-waveinfrared (SWIR) emission
at 1520 nm emission from the 4 I13/2 state of Er3+ , which lies in the second
optical window, making this emission promising for in vivo and microscopy
applications[108, 109].
By encasing the core NC with an inert shell, we were able to produce a relative
UC quantum yield (ΦUC ) enhancement of up to 104 in the low P regime and a
P-independent DS quantum yield (ΦDS ) of up to 14 %. If a single NC design
is required for several applications, for example UC spectroscopy and SWIR
imaging in a single sample, the optimal shell thickness is found to be 5 nm.
The contents of this chapter are based on Würth et al. from 2018[88], adapted
with permission. Copyright 2018 American Chemical Society.
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4.1. Samples
The (3.7 ± 0.5) nm core NaGdF4 particles with 20 % Yb3+ and 2 % Er3+ doping
were synthesized by Dr. Stefan Fischer using a classical thermal decomposition
technique, and pre-characterized (XRD, TEM) by Dr. Stefan Fischer and Prof. A.
Paul Alivisatos from University of Berkeley, California, USA. Dr. Stefan Fischer
proceeded to grow a series of shells onto the particles by sequentially adding
NaYF4 precursor, yielding shell thicknesses from 0.1 nm to about 10 nm. The experimental section of Würth et al. contains further details[88]. All measurements
performed by us were done in solvent (cyclohexane).
Analysis of the TEM images by Dr. Stefan Fischer led to particle diameters d
as shown in Tab. 4.1. The respective shell thicknesses dS are obtained from the
d differences of the shelled UCNC and the core-only sample P00. Fig. A.1 on
page 138 displays exemplary TEM images.
Sample Particle
Name Diameter
d [nm]
P00
3.7 ± 0.5
P01
4.0 ± 0.5
P02
4.7 ± 0.3
P03
5.6 ± 1.0
P04
10.6 ± 1.0
P05
12.4 ± 1.1
P06
14.7 ± 2.0
P07
17.6 ± 2.3
P08
21.3 ± 3.4
P09
21.6 ± 4.6
P10
24.2 ± 3.9

Shell
Thickness
dS [nm]
—
0.1 ± 0.7
0.5 ± 0.6
1.0 ± 1.1
3.4 ± 1.1
4.4 ± 1.2
5.5 ± 2.0
7.0 ± 2.3
8.8 ± 3.4
9.0 ± 4.7
10.3 ± 3.9

Table 4.1.: Particle sizes and NaYF4 shell thicknesses of the ultrasmall
β -NaGdF4 : 20%Yb3+ , 2%Er3+ @NaYF4 particles used in this study.
P00 is the core sample for all core-size NC. The sizes were determined by Dr.
Stefan Fischer from TEM images and the shell thicknesses are derived from
the difference of the diameter to the core particle system P00. Data shown
are adapted with permission from Table S2 in the SI of Würth et al.[88].
Copyright 2018 American Chemical Society.
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4.2. Decay Kinetics
The decay kinetics of the β -NaGdF4 : 20%Yb3+ , 2%Er3+ @NaYF
4 NC are in
2
4
4
vestigated by focussing on the green H11/2 , S3/2 → I15/2 as well as the red
 3+

4F
4
emissions alongside the Yb3+ 2 F5/2 → 2 F7/2 emission
9/2 → I15/2 Er
of the UCNC (cf. Fig. 1.2). The samples were excited at 375 nm for direct
excitation of the 4 G11/2 state of Er3+ , and at 978 nm for indirect excitation of
Er3+ via ETU through the 2 F7/2 state of Yb3+ . The results are displayed in
Fig. 4.1.
Each panel of Fig. 4.1 displays increasing lifetimes with increasing dS of the
green and red emissive energy levels of Er3+ , suggesting a continuous decrease
of the non-radiative rates. No critical shell thickness, above which the lifetimes
converge, is observed, which would have given insight to the intrinsic lifetimes
of the respective energy levels of the Er3+ ion.

Green emission Strikingly, the decay of KK’s
bulk (indicated in black) for


λex = 375 nm and λem = 540 nm Fig. 4.1(a) is surpassed by several UCNC. At
first glance, this appears suspicious, since the bulk luminescence is considered
the most efficient, least quenched luminescence of all UC materials[3, 20], so
it would be highly astounding and challenging the literature for an UCNC to
be more efficient than the benchmark bulk material. However, the Er3+ ion
has a very complicated energy scheme (cf. Fig. 1.2), and any transition can be
influenced by the coupling to several other energy levels. Perhaps, the energy
levels of the Ln3+ ions in these ultrasmall UCNC cores are coupled in such a
way that there is a longer feeding process of the green emissive band of Er3+ ,
which is not the case in the bulk material due to different lattice strain or missing
MPR assisted by ligands. Moreover, the presence of a foreign ion, maybe even
in the bulk material, could not be excluded. The bulk material is ligand-free[89],
but coupling to lingands could play a crucial role in the population of the greenemissive 4 S3/2 state of Er3+ . Evidently, the lifetime or decay kinetics of a single
transition alone is not a sufficient measure for the efficiency of a particle, and
needs to be complemented by other methods, such as ΦUC determination (starting
on page 45)[20].
Interestingly, at NIR excitation (λex = 978 nm), while the UCNC systematically
show longer decays with increasing shell thickness, the bulk material displays
the longest decay of the green-emissive band of Er3+ . Omitting the bulk data, the
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Figure 4.1.: Time-resolved
luminescence
measurements
of
the
β -NaGdF4 : 20%Yb3+ , 2%Er3+ @NaYF4 UCNC, dispersed in cyclohexane. The color gradient from purple to red represents the varying
shell thicknesses from 0.1 nm (purple) to 10.3 nm (red). At λex = 375 nm
(direct excitation of the Er3+ ions), the decays of the (a) green emission of
Er3+ (λem = 540 nm) and the (b) red emission of Er3+ (λem = 655 nm) are
shown. At λex = 978 nm (indirect excitation of Er3+ through ETU), the
decays of the (c) Yb3+ emission (λem = 940 nm) is shown as well as of the
(d) green (λem = 540 nm) and (e) red (λem = 655 nm) emissions of Er3+ .
All graphs include the decays of KK’s bulk powder as reference (black).
Data shown in (a), (d), and (e) are adapted with permission from Fig. 2 in
Würth et al.[88]. Copyright 2018 American Chemical Society.


UCNC curves under UV-excitation Fig.
4.1(a)
are slightly shorter than their

NIR-excited counterparts Fig. 4.1(d) . The green emission of the NIR-excited
UCNC displays a slight rise, which is due to the rather slow feeding process
through the Yb3+ ions (ETU).
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Red emission At 655 nm emission Fig. 4.1(b) and (e) , the thickest shell


produces a decay which is similar to the bulk material at both observed excitation
wavelengths. There is no visible rise in the UV-excited decays, whereas the
decay curves of the red-emissive state of Er3+ upon NIR-excitation display a
significant rise behaviour before decaying, more prominent than for the green
emission. Comparing
the UV-excited Er3+ emissions at 540 nm and 655 nm

Fig. 4.1(a),(b) , the UCNC
 display almost identical lifetimes. The NIR-excited

red emission Fig. 4.1(e) , however, is longer than the green Fig. 4.1(d) , with a
greater lifetime increase as well, so its decay rate is likely smaller, contradicting
reports by Anderson et al.[59] and Hossan et al.[57] in which the radiative rate
for the red emission of Er3+ is almost twice as large as that for the green emission,
but the materials investigated there are much larger NC or bulk.
The longer rise time indicates a biphotonic population route via the 4 S3/2 or
4I
3+
13/2 states of Er . This will be discussed in more detail in Sec. 4.3 on page 50.

Yb3+ emission The Yb3+ emission, detected at λem = 940 nm, is displayed

in Fig. 4.1(c). It shows a systematic increase of the Yb3+ lifetime, indicating a
reduction of surface quenching. There is a discrepancy between the bulk curve
and the decay curve of the NC with the thickest shell, implying insufficient
surface passivation despite the considerable shell thickness of 10.3 nm. Since
the lifetime appears to keep increasing wich increasing shell thickness, instead
of reaching a maximum value which would imply complete passivation, the
passivating effect of the shell is likely not as good as it should be. Core-shell
intermixing as a possible reason is discussed in Sec. 4.3.

Lifetimes The intensity-weighted mean lifetimes (τint ) of the 375 nm-excited

Er3+ and 978 nm-excited Yb3+ emissions decay curves shown in Fig. 4.1(a-c)
are computed from tail fits of the decay measurements, according to Eq.’s (2.1)
and (2.2), and are displayed in Fig. 4.2(a) as functions of dS . For all three emissive
levels, τint increases linearly with dS , in good agreement with reports from other
∂τ
µs
≈ 148 nm
groups [110, 111]. For the Yb3+ emission, the slope is ∂int,Yb
. For
d
S

Er3+

∂ τint,Er
∂ dS

µs
both the green and the red
emission, the slope is
.
≈ 48 nm
The passivating effect of the inert shell, shielding especially the Yb3+ ions, is
emphasized by the Yb3+ lifetime: The UCNC with 10 nm shell has τint of 1.5 ms,
close to KK’s bulk’s τint of 2 ms, whereas a representative 23 nm core-only UCNC
from the literature with similar doping and chemistry (oleic acid as surface ligand,
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dispersed in cyclohexane, β -NaYF4 matrix instead of β -NaGdF4 ) yields τint of
only 120 µs [9, 112].

Figure 4.2.: Intensity weighted mean lifetimes τint (cf. Eq. (2.2)) of the green and

red emission of Er3+ as well as the Yb3+ emission cf. Fig. 4.1(a)-(c) ,
−1
and the respective estimated decay rates τint
, in dependence on the shell
thickness dS of the NC. For the lifetimes of the green and red emissions of
Er3+ , the samples were excited at λex = 375 nm
the Yb3+ lifetime
 and for

4
4
4
at λex = 978 nm. The green S3/2 → I15/2 , red F9/2 → 4 I15/2 , and

Yb3+ 2 F5/2 → 2 F7/2 emissions are indicated in green, red, and gray,
respectively. All three sets of lifetimes provide clear evidence for a linear
dependence of the τint on dS . The decay rate of the Yb3+ emission drops
by two orders of magnitude for the largest dS compared to the bare NC
(dS = 0). Data shown are adapted with permission from Fig. 3 (a) and (b)
in Würth et al.[88]. Copyright 2018 American Chemical Society.

Estimated decay rates τint may be used to estimate the decay rates, using

−1
−1
τint
. In Fig. 4.2(b), the inverse fitted lifetimes τint
are displayed in order to
estimate the decay rates of the respective energy levels. Obviously, the decay
rates decrease with growing dS due to increasing surface passivation and Ln3+
shielding leading to suppressed quenching. This effect is more prominent in
the Yb3+ ions than in the Er3+ ions, since the sensitizer Yb3+ at 20 % dopant
concentration is the more active participant in EM, and therefore more prone to
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surface quenching than the activator Er3+ . For the bare particle P00 (dS = 0),
−1
= 4 · 104 s−1 for the red and green
we estimate decay rates of roughly τint
Er3+ emission and 1.3 · 105 s−1 for the Yb3+ emission. For a shell thickness of
dS = 0.5 nm, the rates are 1.3 · 104 s−1 (Er3+ ) and 1.4 · 104 s−1 (Yb3+ ), which is
already a reduction by a factor of about 4 (Er3+ ) and 9 (Yb3+ ) compared to the
bare particle. For the medium thick shell of dS = 4.4 nm, the estimated decay
rates are roughly 5 · 103 s−1 and 1.3 · 103 s−1 , respectively, and in the case of the
very thick shells of dS = 10.3 nm, the estimated decay rates drop further to a
value of about 2 · 103 s−1 and 6 · 102 s−1 , respectively, corresponding to reducing
factors of about 20 for the Er3+ emission and 200 for the Yb3+ emission.

4.3. Quantum Yields and Relative Emission
Intensities
The ΦUC determination commences the P-dependent analysis of these ultrasmall
UCNC. The unshelled 3.7 nm NC was hardly measurable in the integrating sphere
setup, likely due to the very low probability for UC described in Sec. 4.3. The
ΦUC graph displayed in Fig. 4.3(a) only has two datapoints at high P for this
sample, with a maximum measured ΦUC of 0.00004 %. All other samples were
measured for P ranging over at least one order of magnitude.
For all NC samples, both ΦUC and ΦDS were measured separately. The results
are depicted in Fig. 4.3.

ΦUC Already for the thinnest shell of just 0.1 nm, or roughly one monolayer,
ΦUC increases by a factor of 5 at the highest P, and the sample was measureable throughout the entire P range used in this study of about 20 - 420 W/cm2 .
The particle sample with the thickest shell displays a quantum yield of 1.7 %
at 420 W/cm2 , which corresponds to an enhancement of 42500 compared to
the bare particle, and at low P, the enhancement (with regard to the sample
with the thinnest shell) is even higher. The maximum ΦUC (at maximum P of
∼420 W/cm2 ) from each measurement is displayed in Fig. 4.3(b) with respect to
dS . At dS < 1 nm, the maximum ΦUC rises exponentially, and for dS > 1 nm, the
%
maximum ΦUC rises linearly with a slope of ∂∂ΦdUC ≈ 0.18 nm
.
S
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Figure 4.3.: ΦUC and ΦDS of the β -NaGdF4 : 20%Yb3+ , 2%Er3+ @NaYF4 NC with
varying dS , derived from P-dependent steady-state spectra obtained at the
integrating sphere setup introduced in Sec. 2.2.3. The excitation wavelength
is λex = 976 nm. All samples except KK’s bulk powder used as reference
in (a) were dispersed in cyclohexane. (a) ΦUC of the NC with varying
shell thickness dS , indicated by the color gradient, ranging from purple (no
shell) to red (dS = 10.3 nm). KK’s bulk material (powder) is indicated in
black. (b) Maximum ΦUC from (a) over the shell thickness dS . The rise is
exponential for small dS and linear for dS ≥ 1 nm. A linear fit is displayed
in red, the colors of the datapoints follow the same color
 gradient as in (a).
4
4
3+
(c) ΦDS of the 1523 nm Er emission I13/2 → I15/2 is independent of
P. From the statistical errors from repetition measurements, a weighted
mean ΦDS in dependence on the shell thickness dS was determined, which
is maximal for dS = 5.5 nm.
Data shown in (a, NC only), (b), and (c) are adapted with permission from
Fig. 4(a), Fig. S7 in the SI, and Fig. 4(b), respectively, in Würth et al.[88].
Copyright 2018 American Chemical Society.

46

4.3. Quantum Yields and Relative Emission Intensities
ΦDS UCNC research ist mostly inspired by biological applications, and the
second near-infrared window (NIR-II), covering the wavelength range from 10001700 nm, is highly interesting for biological imaging, due to the high spatial
resolution, deep penetration depth, low absorption and scattering from biological
media, and low autofluorescence[108]. Since the 4 I13/2 state of Er3+ is emissive

at 1520 nm, ΦDS of these particles (cf. Eq. (2.4) on page 22 ) was measured
complementarily, and the results are displayed in Fig. 4.3(c). Since the population
of 4 I13/2 , which is energetically lower than the 2 F5/2 of Yb3+ , is single-photonic,
ΦDS is not P dependent, which is typical for Stokes-shifted luminescence. Due
to the design of the setup, I measured ΦDS for several P and several repetions and
determined the weighted mean ΦDS , using the statistical errors from the repetition
measurements as weights for the averaging process. The results are displayed in
Fig. 4.3(c), and contrary to the results from the ΦUC and τint measurements, ΦDS
peaks at 14 % for dS = 5.5 nm and yields lower weighted mean values of ΦDS
for larger dS . The ΦUC of the sample with maximum ΦDS , P06 (dS = 5.5 nm),
is displayed in Fig. 4.3(a) in brown and yields ΦUC of 1.06 % at 426 W/cm2 , a
value similar to the highest-performing sample P10 (dS = 10.3 nm, displayed in
red) with ΦUC of 1.71 % at 425 W/cm2 .

Relative emission intensities Next, I investigate the P-dependent relative
emission intensities of the different samples, which are shown in Fig. 4.4. The
3.7 nm core-only sample (P00) is omitted because of the bad resolution of the
measured spectra, as well as two thicker-shelled samples (P08, P09) which
yielded noisy data. For P00, the low resolution can be explained by the high
surface quenching and consequent low quantum yield. For P08 and P09, the high
noise was attributed to a lower particle concentration in the solvent, resulting
in absorptions of about 1-2 %, which produce unreliable results (cf. Sec. 2.2.3).
Upon increasing the particle concentration by votalizing part of the solvent under
a fumehood, the dispersion became unstable and was not used for further measurements.

The green emission of Er3+ 2 H11/2 , 4 S3/2 → 4 I15/2 amounts to 40-60 % of
the overall UC emission and increases with P and with dS for dS ≤ 3.4 nm. The
NIR emission centered around 810 nm 4 I9/2 → 4 I15/2 decreases for increasing
dS . This emission band is attributed to strong quenching,
 since it is populated
4
3+
3+
4
4
4
by an Er -Er ET process I13/2 , I13/2 → I9/2 , I15/2 that is enhanced by a
strong population of the 4 I13/2 state of Er3+ [20]. At low quenching (low NR
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Figure 4.4.: Relative emission intensities, dependent on P and dS , of the blue, green,
red, and two NIR (displayed in dark brown and orange) emission bands
of Er3+ in the β -NaGdF4 : 20%Yb3+ , 2%Er3+ @NaYF4 NC, dispersed in
cyclohexane. The data was obtained by using the custom-built integrating
sphere setup described in Sec. 2.2.3, with excitation at 976 nm. The emission bands were integrated according to Tab. 2.1 on page 23 and divided by
the integrated emission of all bands, yielding relative emission intensities[9].
The results are compared to measurements of KK’s bulk powder, which was
measured at lower P. Data for P01, P02, P03, P04 and P10 are adapted with
permission from Fig. 1(d) in Würth et al.[88]. Copyright 2018 American
Chemical Society.

deactivation rates of the excited states of Yb3+ ), Yb3+ -Er3+ ET is more efficient
than Er3+ -Er3+ ET due to the shorter interionic distances. Therefore, the 810 nm
emission is usually suppressed in systems with low quenching rates. The 4 I13/2
state of Er3+ is not populated directly by ET from Yb3+ , but rather through NRR
from the 4 I11/2 state of Er3+ , which is absorbant at the excitation wavelength of
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976 nm. As the population of the 810 nm band is independent of Yb3+ and not
prone to quenching, it is enhanced relative to the other emissive bands at high
quenching, and the continual decrease of this band with increasing dS provides
reliable evidence for surface passivation[20].

The second NIR emission band, centered around 845 nm, 4 S3/2 → 4 I13/2 , is
less affected by the changes in dS or P: It originates from the green-emissive
4S
3+ and emits to the first excited state of Er3+ instead of the
3/2 state of Er
ground state, resulting in a lower intensity.

For dS > 0.1 nm, the contributions of the red emission of Er3+ 4 F9/2 → 4 I15/2
and the NIR emission at 845 nm are very similar, amounting to less than 20 %
to the overall UC
 emission. The intensity of the three-photonic blue emission
2H
4
9/2 → I15/2 is very low in all cases and increases with P, but stays below
5 % for all dS and P.
For dS > 3.4 nm, the relative emission intensities are rather unaffected by a further increase of dS , suggesting that growing dS above 10 nm would not change
the P-dependent population dynamics of the particles within the P range utilized here: With increasing P, we observe an increasing green, a decreasing
red, and a constant 845 nm NIR relative emission of Er3+ for all UCNC with
dS > 3.4 nm, contrary to the bulk material (displayed in Fig. 4.4 in the rightmost
panel); the bulk displays increasing red, decreasing green and decreasing 845 nm
NIR relative emissions of Er3+ . The red and green relative emissions of Er3+
both contribute about 40 % at 5 W/cm2 , and for higher P, the red Er3+ emission
of KK’s bulk powder surpasses the green and amounts to up to 50 % of the
overall UC emission, and the green drops to 35 %. Even at the lowest P measured
(0.55 W/cm2 ), the contribution of the red emission of the bulk material is still
higher (21 %) than for any of our ultrasmall NC.
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The contrary P-dependent emission behaviour of the bulk and nanomaterials can be
explained by different population routes. Two
competing two-photonic populations of the
red-emissive 4 F9/2 state of Er3+ are illustrated
in Fig. 4.5 and can be understood as follows:
(a) through NRR from the green-emissive
2H
4
11/2 / S3/2 after two ET steps from
Yb3+ [20],
(b) through ETU from the 4 I13/2 state of Er3+
after NRR from 4 I11/2 , following one ET
step from Yb3+ [20].
If the main population route was via 2 H11/2 /

4S
3/2 Fig. 4.5(a) , the P-dependence of the
red emission should exhibit the same trends as
that of the green emission. This is not the case
with these UCNC.Therefore, population via
4I
13/2 Fig. 4.5(b) is more likely to account
for the majority of the population of the redemissive 4 F9/2 state of Er3+ . Moreover, the
high green relative emission intensity suggests
that the population of the red-emissive state
of Er3+ does not involve the green-emissive
states. With our ultrasmall UCNC cores of Figure 4.5.: Energy scheme of two
only 3.7 nm, which contain on average 73 Yb3+
possible two-photonic
3+
ETU
population
ions and
 7 Er ions per core cf. Eq. (1.5) on
pathways
of the
page 6 , the likelyhood for multi-photonic pro4F
red-emissive
9/2
cesses is greatly reduced compared to larger
3+ .
2
state
of
Er
particles. Even at P ≈ 400 W/cm , only about
(2.4 ± 1.0) Yb3+ ions are excited per particle core and per millisecond (cf. Eq. (1.3)
of page 5). Estimating the excitation rate and
comparing with the estimated decay rates, the excitation rate is of the same order
as the Yb3+ decay rate for dS ≈ 2.8 nm at 400 W/cm2 and for dS ≈ 5.5 nm at
200 W/cm2 . The excitation rate exceeds the radiative rate only at high P and
only for thicker-shelled NC. Consequently, for very thin shells (dS < 1 nm), the
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radiative rates of Yb3+ exceed the excitation rates drastically, which decreases the
likelyhood for ET immensely. With only ∼ 7 Er3+ ions in the entire active core,
the probability for ET to an excited Er3+ ion is generally low. This could explain
why the red Er3+ emission of these ultrasmall NC does not exceed two-photonic
excitation. This volume effect will be explored in more detail in chapter 5.
The 810 nm emissions of the bulk material and of the NC with dS = 10.3 nm
are of the same order of magnitude, indicating that surface quenching in these
UCNC is largely deactivated. However, the green-to-red intensity ratio of the
dS = 10.3 nm NC is independent of P, suggesting core and shell intermixing
during the sythesis. Therefore, the very few Ln3+ ions in the ultrasmall UCNC
cores are likely diluted into the shell, creating a concentration gradient along
the diameter of the NC and decreasing ET probabilities further due to greater
interionic distances.

4.4. Slope Factors
Determining the slope factors of the red, green and blue emission bands of Er3+
completes the P- and time-dependent analysis of these ultrasmall UCNC. The
slope factors n (cf. Eq. (1.2) on page 2) are calcutated as described in Sec. 2.2.3
and the results are displayed in Fig. 4.6.
At low P, n represents the number of photons involved in the respective multiphotonic process[9, 20, 21]. With increasing P, as the ETU rates approach the
decay rates, n(P) decreases. The green 4 S3/2 → 4 I15/2 and red 4 F9/2 → 4 I15/2

emission bands of Er3+ Fig. 4.6(a) and (b), respectively display almost identical
n starting at about 2 for small dS and low P, and decreasing to 1.25 for large dS and
high P, indicating two-photonic
transitions and beginning saturation, while the

blue 2 H9/2 → 4 I15/2 emission of Er3+ shows a much higher n of 2-3, evidence

for three-photonic transitions Fig. 4.6(c) [20]. Supporting the observations in
Sec. 4.3, both the green and the red Er3+ emission here are purely two-photonic,
in contrast to recent reports on larger UCNC (23-25 nm) [9, 58, 112] that the
red emission is populated very efficiently through a three-photonic process at
higher P, for example like the 23 nm unshelled β -NaYF4 : Yb3+ , Er3+ particles
examined in [112]. For this 23 nm particle sample, Wisser et al. reported a
dominant red emission at high P, where the population of the red-emissive 4 F9/2
level was found to be three-photonic, while the green emission would exceed
the red only at low P, at which the 4 F9/2 state was populated through NRR
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Figure 4.6.: Slope Factors n of the (a) green 4 S3/2 → 4 I15/2 , (b) red 4 F9/2 →


2H
4
3+ in the
4I
9/2 → I15/2 emission bands of Er
15/2 , and (c) blue
β -NaGdF4 : 20%Yb3+ , 2%Er3+ @NaYF4 core-shell NC, dispersed in cyclohexane, as well as KK’s bulk powder (black), as functions of P and for
different dS . The color gradient of the datasets indicates dS of the samples,
from purple (dS = 0.5 nm) to dark red (dS = 10.3 nm). Results were derived from steady-state emission spectra obtained using the custom-built
integrating sphere setup introduced in Sec. 2.2.3, with λex = 976 nm. Both
the (a) green and (b) red Er3+ emissions of these particles display purely
two-photonic behavior, whereas the (c) blue Er3+ emission is clearly threephotonic. In the bulk material, all transitions are very efficient even at low
P and are saturated at n ≤ 1. NC Data shown are adapted with permission
from Fig. 1(e) in Würth et al.[88]. Copyright 2018 American Chemical
Society.

from 4 S3/2 [112]. This reported relative increase of the red emission at high P is
missing for my ultrasmall UCNC, which show sole two-photonic excitation of
the red emission, either by NRR from 4 S3/2 after two ETU excitation steps, or by
ETU excitation from the 4 I13/2 state after NRR from the 4 I11/2 state. Since the
4I
3+ has a very long lifetime[20] and is populated by NRR from
13/2 state of Er
the directly-excited 4 I11/2 state of Er3+ , this excitation pathway can be expected
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to be P-independent, supporting my findings along with the discussion of the
relative emission intensities.
The relative emission analysis showed no significant changes in the P-dependent
population dynamics of the emissive Er3+ levels for dS ≥ 3.4 nm. Still, in
Sec. 4.2, no critical shell thickness above which the lifetimes appear to converge
was identified. Evidently, not only the excited state lifetimes, but also the number
of active Ln3+ ions as well as their spatial arrangements play important roles for
the population and depopulation of excited states during UC.

4.5. Summary and Outlook
The group of Dr. Stefan Fischer synthesized and pre-characterized ultrasmall
β -NaGdF4 : 20%Yb3+ , 2%Er3+ (3.7 ± 0.5) nm UCNC with shell thicknesses
ranging from 0.1 nm to 10.3 nm, using a common shelling technique to passivate
the surface with NaYF4 . Spectroscopic studies of the decay kinetics and the
UC and DS QY (ΦUC and ΦDS ) illustrate the influence of dS on τint and the
P-dependent population dynamics of the different emissive Er3+ states, with
special focus on the green and red emissions of Er3+ . The results indicate coreshell intermixing, which could be circumvented by optimizing the synthesis
procedures.
For applications combining SWIR (DS) and vis (UC) spectroscopy under a single excitation wavelength of around 980 nm, a shell thickness of about 5 nm
would be recommended, because in comparison to the very material-consuming
synthesis for thicker shells, ΦUC with dS = 5.5 nm is only slightly lower than for
dS = 10.3 nm (factor of 0.62), while ΦDS is even higher (factor of 1.71). The
lifetime mismatch for the Yb3+ emission (factor of 0.57) is similar to the ΦUC
deviance, as table Tab. A.1 on page 146 shows. The particle sample with 5.5 nm
shell (P06) has ΦUC of around 1 %, despite the ultrasmall core size, and bright
down-shifted luminescence at 1520 nm (ΦDS of 14 % independent of P), and its
lifetimes are in the same order of magnitude as the β -NaYF4 : 18%Yb3+ , 2%Er3+
powdered bulk material used for comparison (KK’s bulk, introduced in chapter 3).
Consequently, the ΦUC and τint deficit is a reasonable compromise in the case
that efficient SWIR measurements on the same particle sample are desirable.
Respecting the architechture of the core-shell UCNC, a shell of 10 nm should
completely deactivate any surface quenching of the ionic Ln3+ states by ligands,
assuming dipole-dipole ET interactions between the surface ligands and the
sensitizer ions, since the surface quenching rates would be proportional to dS−6
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[49, 57]. Instead, we observe linear increases in both ΦUC and τint , suggesting
core-shell intermixing, or incorporation of optically active Ln3+ ions into the inert shell material [113, 114], which was likely caused during the synthesis of the
UCNC, which is based on Ostwald ripening. Herein, the seeds (ultrasmall NCs
providing the materials) dissolve and the material is incorporated onto the bigger
NCs, growing them until the seeds are completely dissolved[2]. Problematically,
if the seeds are of similar size as the to-be-grown-onto NCs, it is possible that
some doped NCs dissolve and the doped material is incorporated into shells. It
is also plausible that just the outer layer of the core is partially dissolved during
the heating step, which is then reincorporated during the shell growth. Either
way, a better control of a sharp core/shell boundary is crucial, as intermixing of
the core and shell results in greater ionic distances, which has multiple effects
on the NC luminescence. A more complicated synthesis procedure could help
reduce intermixing, by purifying the reaction solutions after each shelling step
to avoid mixing of core and shell seeds during the layer-by-layer epitaxial shell
growth [114–116]. It is not clear whether core-shell intermixing can be avoided
completely, but this study highlights the need for more accurate and precise
shelling procedures.
Since the particles with strong surface quenching
 (P00-P02) display a high con4
4
tribution of the 810 nm band I9/2 → I15/2 to the overall UC emission, and
particles with better surface passivation (P04-P10) emit mostly green 4 S3/2 →

4I
15/2 , this particle series is a promising candidate for emission color tuning.
The continuous lifetime enhancement with increasing dS also makes it an excellent choice for lifetimes multiplexing and encoding [90, 117]. The small size
of the particles, even the ones with respectable surface passivation, makes them
very suitable for bioimaging applications.
The P-dependent
measurements have shown that the red emissive Er3+ level

4F
4
9/2 → I15/2 is populated two-photonically (independent of P, most likely
via the 4 I13/2 state of Er3+ ), as opposed to the three-photonic population observed
for larger particles, mainly at medium and high P. This suggests that besides
surface passivation, a minimal number of active Ln3+ ions must be present in the
particle cores to allow for the three-photonic population of 4 F9/2 to be efficient.
Therefore, the efficiency comparison to bulk material is hampered by the different
population pathways of smaller and larger NC, and surface passivation is not the
sole crucial factor in consideration when comparing nanomaterials and bulk.
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The study of the ultrasmall particles in chapter 4 has provided clear evidence for
a previously-unknown mechanism for the population dynamics of Yb3+ , Er3+
co-doped UCNC, which is size-dependant, but surface-independent. In this chapter, I investigate the individual roles of the two active ions, Yb3+ and Er3+ , and
analyze the spectroscopic properties of single-doped β -NaYF4 : 20%Yb3+ and
β -NaYF4 : 2%Er3+ NC as well as co-doped β -NaYF4 : 20%Yb3+ , 2%Er3+ NC
of different sizes and with varying shell thicknesses (cf. Fig. 2.1 on page 17 for a
graphical overview) to obtain more detailed insights into ET and quenching processes. The results are compared to the same bulk material used already in chapters 3 and 4, β -NaYF4 : 18%Yb3+ , 2%Er3+ microcrystalline powder provided by
PD. Dr. K. Krämer from University of Bern (KK’s bulk), as well as two singledoped microcrystalline powders (β -NaYF4 : 20%Yb3+ and β -NaYF4 : 2%Er3+ )
provided by Prof. Th. Jüstl from FH Münster.
I provide evidence from several angles for a back-energy transfer (BET) from
the 4 G11/2 state of Er3+ to the 2 F5/2 state of Yb3+ under 375 nm and 980 nm
excitation. Through decay measurements, time-resolved emission spectroscopy
(TRES) and P-dependent steady-state emission spectroscopy, I was able to discern between surface quenching and a surface-independent, volume-related effect,
which manifests in the two- and three-photonic population routes. I further find
evidence for a different influence of surface passivation on the green and red
emissions of Er3+ due to their different Förster radii. The P-dependent volume
effect is underlined by a random walk model of the ET and UC process on the
ion level. Special
 emphasis is on the population of the red emissive energy level
3+
4
F9/2 , which has been an ongoing cause for debate in the community
of Er
[56, 60, 80, 81, 118–122].
The contents of this chapter are based on Grauel et al.[89] from 2021, which is
reproduced under the Creative Commons license, which can be found here:
http://creativecommons.org/licenses/by/4.0/.
A thorough assessment of the random walk model used in this chapter is supplied

55

5. Results and Discussion: Surface vs. Volume Effect
in appendix B on page 153.

5.1. Samples
To gain insight into quenching processes, Dr. Christian Homann from the group
of Prof. Markus Haase from University of Osnabrück has synthesized NC of
various sizes and shell thicknesses, using a common synthesis method, which
uses α-NaYF4 as precursors for the shell to avoid core-shell intermixing.[86]
The synthesis is described in detail in the Electronic Supplementary Material
(ESM) of [89]. It should be noted that this synthesis technique is different from
the classical thermal decomposition method used in chapter 4, as α-seeds were
added here. All samples were characterized regarding size and crystal phase
by Christian Homann through TEM and XRD measurements at University of
Osnabrück. Exemplary TEM images are displayed in Fig. A.2 on page 139 in
the appendix.
Dr. Christian Homann determined the sample sizes from the particle size distributions in the TEM images. The particle diameters and shell thicknesses of all
particles used in this study are listed in Tab. 5.1 on page 57. All samples were
measured as powder.

Nomenclature I am investigating three sets of NC, distinguished by their

Ln3+ doping into the β -NaYF4 matrix: Two single-doped and one co-doped
design. The single doped β -NaYF4 : 20%Yb3+ are called YbNC, the singledoped β -NaYF4 : 2%Er3+ are called ErNC throughout this chapter. The co-doped
β -NaYF4 : 20%Yb3+ , 2%Er3+ are called UCNC. Tab. 5.1 provides a detailed
overview of the sizes and shell thicknesses of the NC. For each set of NC, a size
series (unshelled NC with d between 7 nm and at least 28 nm) and a shell series
(7 nm core NC with dS up to 3 nm) is investigated.
As reference, three differently-doped bulk materials are utilized in this study:
Firstly, the same β -NaYF4 : 18%Yb3+ , 2%Er3+ microcrystalline powder provided
by PD. Dr. K. Krämer from University of Bern already utilized in chapters 3
and 4 (KK’s bulk), and secondly two single-doped
microcrystalline powders

3+
3+
provided by Prof. Th. Jüstl from
β -NaYF4 : 20%Yb and β -NaYF4 : 2%Er
FH Münster. The bulk phosphors are denoted as KK’s bulk, Yb-Bulk and Er-Bulk,
respectively.

56

5.1. Samples
Doping

Sample
Name

CH489
CH430
CH480
3+
CH551∗
20 % Yb
CH541∗
CH544∗
CH124
CH394
CH260
CH379
3+
CH546∗
2 % Er
CH539∗
CH127
CH549∗
CH323
CH327
CH320
20 % Yb3+ ,
CH531∗
2 % Er3+
CH526∗
CH536∗
CH532∗

Particle
Diameter
d [nm]
11.8 ± 2.5
8.3 ± 0.9
6.6 ± 0.4
12.0 ± 0.6
22.0 ± 2.0
38.0 ± 2.0
51.9 ± 2.3
13.4 ± 0.8
8.4 ± 0.7
7.3 ± 0.6
9.9 ± 0.7
15.0 ± 1.0
20.0 ± 1.0
28.0 ± 2.0
14.0 ± 2.4
8.3 ± 1.0
7.1 ± 0.9
9.5 ± 0.6
13.6 ± 0.9
18.0 ± 1.0
30.0 ± 2.0

Core
Diameter
dcore [nm]
6.6 ± 0.4
6.7 ± 0.7
—
—
—
—
—
7.3 ± 0.6
6.6 ± 0.8
—
—
—
—
—
7.1 ± 0.9
7.1 ± 0.9
—
—
—
—
—

Shell
Thickness
dS [nm]
2.6 ± 1.3
0.8 ± 0.6
—
—
—
—
—
3.1 ± 0.5
0.9 ± 0.5
—
—
—
—
—
3.5 ± 1.3
0.6 ± 0.7
—
—
—
—
—

Table 5.1.: Doping, particle sizes, core sizes, and NaYF4 shell thicknesses of the NC
used in this study. The first three samples of each set of NC represent the
shell series (∼7 nm particle with shell thicknesses up to ∼3 nm). The last
five samples of each set of NC constitutes the size series. The unshelled
7 nm NC is part of both series. The sizes were determined by Dr. Christian
Homann from TEM images and the shell thicknesses are derived from the
diameters of the shelled and the core particles. The decay data of the samples
indicated with an asterisk (∗) were obtained by Lisa Krukewitt. Data adapted
from Table S1 in the ESM of [89].
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As follows from Tab. 5.1, only the small, ∼ 7 nm samples are encased with
an inert shell. Both size increase and shelling are known to prevent surface
quenching[2, 3, 5, 20, 72, 73, 123]. Therefore, by juxtaposing both strategies
and comparing measurement results directly, a distinction between size-related
and surface-related effects is anticipated.
The decay measurements of the samples indicated by an asterisk (∗) in Tab. 5.1
were carried out by my master student, Lisa Krukewitt, during her master studies
at BAM under my scientific supervision and the academic supervision of Prof.
Dr. Oliver Benson from Humboldt University of Berlin.

Objectives Special focus during all measurements was laid on the green and

red emissions of Er3+ as well as on the Yb3+ emission. The green and red
emissive states of Er3+ can be quenched by CR, which is most efficient at higher

Er3+ concentrations above 10 % [124]. The 976 nm level of Er3+ 4 I11/2 can
be prone to quenching by OH− groups incorporated into the particle during
synthesis, to concentration quenching at elevated Er3+ concentrations,
 and to
3+
4
surface quenching [57, 125]. The red emissive level of Er
F9/2 can be
3+
3+
populated through back-energy transfer (BET) from Er to Yb [56], which
is indicated in dotted lines in Fig. 1.2, and also two-photonically
as discussed

3+
2
F5/2 is very sensitive to
in Sec. 4.3 (cf. Fig. 4.5). The excited state of Yb
surface quenching, and especially to quenching by high-energy vibrational sites,
such as OH− groups, or MPR[4, 58].

5.2. Excitation Spectra
I recorded photoluminescence excitation spectra of the bulk materials to explore
different possible excitation pathways and determine the energy levels which
contribute essentially to the population of an emission band, with special focus
on the green and red emission of Er3+ and on the Yb3+ emission. Conducting
these measurements with NC samples was not feasible due to the high amount of
luminescing organic ligands at the particle surface, which prominently overlay
the emissions of the Ln3+ ions under continuous illumination by the Xe lamp.
The excitation spectra are compared to the results of the Kubelka-Munk analysis
from diffuse reflectance measurements of KK’s bulk, obtained by Dr. Christian
Würth. Excitation spectra contain different possible excitation pathways for the
radiative transition under consideration. Kubelka-Munk spectra are proportional
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Figure 5.1.: Spectrally corrected luminescence excitation spectra of the bulk powders
KK’s bulk (blue), Er-Bulk (green), and Yb-Bulk (black). At emission
wavelengths of (a) 540 nm and (b) 655 nm, excitation spectra of Er-Bulk
and KK’s bulk were recorded. At (c) 1000 nm emission, Er-Bulk, KK’s
bulk, and Yb-Bulk were measured. Second-order peaks were removed from
the spectra manually. Kubelka-Munk analysis of the diffuse reflectance
spectrum of KK’s bulk (black; dashed line) is also included. A deviation
of the excitation spectra from the Kubelka-Munk curve indicates ET. Data
also used in Fig. 2 in [89].

to the oscillator strengths of the ground state transitions[126]. Therefore, a comparison of both spectra allows an analysis of the population pathways of the Er3+
ion: If an excitation spectrum and a diffuse reflectance spectrum after KubelkaMunk analysis exhibit the same shape and band ratios, then the excited states
in these spectra are excited through GSA. If there are significant deviations between excitation spectra and diffuse reflectance spectra, then another competing
population process besides GSA is evident, such as ET or CR. Since both spectra
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are normalized, only the overall shape and band ratios can be compared, not the
absolute intensity values. Fig. 5.1 displays the excitation photoluminescence
spectra of KK’s bulk (blue), Er-Bulk (green) and Yb-Bulk (black) as well as
diffuse reflectance spectra of KK’s bulk (red) at 540 nm, 655 nm, and 1000 nm
emission.

Green emission For the green emission 4 S3/2 → 4 I15/2 , displayed in Fig. 5.1(a),


I find excellent agreement between the excitation spectra of the single- and codoped bulk materials and the diffuse reflectance spectrum of KK’s bulk, so I
conclude that no additional ET process populates the green emissive band 4 S3/2 .

Red emission For
the red emission of Er3+

4
4

F9/2 → I15/2 , displayed in Fig. 5.1(b),
there is equally good agreement between the
Kubelka-Munk data (black, dashed) and the ErBulk excitation spectrum (green), but the excitation spectrum of KK’s bulk material (blue)
displays major enhancement in the wavelength
region λ = 350 − 410 nm, with enhancement
factors of around 60 at 350 − 385 nm and 14 at
410 nm, emphasizing the significant contribution of the BET from Er3+ ions especially in
the 4 G11/2 state back to Yb3+ ions for the population of the red-emissive 4 F9/2 state of Er3+ in
Figure 5.2.: Energy scheme of the
the co-doped material. Fig. 5.2 shows the BET
back-energy transfer
in the energy scheme of Yb3+ and Er3+ . The
(BET) from Er3+ to
excited states above the 4 G11/2 state of Er3+
Yb3+ following exciobviously contribute to the BET as well, as
tation of the 4 G11/2
enhancement in Fig. 5.1(b) is comparable 59state of Er3+ .
2
2
fold enhancement for G7/2 / K15/2 , 65-fold for

2G
4
9/2 , and 61-fold for G11/2 . Apparently, excitation anywhere at λex = 350 − 385 nm pro- 
vokes equally efficient BET. At 410 nm 2 H11/2 , the transition is less resonant
and therefore less likely, resulting in the smaller, but still significant 14-fold
enhancement.
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Yb3+ emission More evidence for this BET is visible in the excitation spectra
at 1000 nm emission (Fig. 5.1(c)), where the excitation spectrum of KK’s bulk
material once more shows a higher contribution at 350-410 nm than the KubelkaMunk-analysed diffuse reflectance spectrum, even though the enhancement
factors are slightly smaller than for the red emission (maximum enhancement
factor of 52), likely because not every photon that is transferred back into the
first excited state of Yb3+ will result in an emitted photon.
Since all excitation spectra of Er-Bulk display adequate agreement with the
Kubelka-Munk curves, a strong contribution via CR can be excluded for all three
energy levels in discussion. This finding is evidence that the low Er3+ doping
concentration of only 2 % that is used here is low enough to avoid CR, and that
the Er3+ ions are not clustered.

5.3. Decay Kinetics of ErNC and YbNC
After finding evidence for BET in the co-doped material, and no indication for
CR in any of the doping variants, I will investigate the decay dynamics of the
NC next. I am starting with the single-doped NC by analyzing the shell series
and the size series simultaneously. All lifetimes mentioned in this chapter are
intensity-weighted mean lifetimes (τint ) obtained from multi-exponential tail
fits of the decay curves
 using the software FAST cf. Eq.’s (2.1) and (2.2) and
Sec. 2.2.1 on page 19 .

Yb3+ emission The left panel of Fig. 5.3 displays the decay kinetics of YbNC
and Yb-Bulk at 978 nm excitation
and 940 nm emission originating from the

3+
2
excited state of Yb
F5/2 . As expected, increasing the size of the YbNC
leads to an increase in the luminescence lifetime, as shown in Fig. 5.3(a), where
unshelled YbNC ranging from 7 nm to 52 nm in size yield a significant lifetime
increase, from 27 µs for the 7 nm YbNC to 418 µs for the 52 nm YbNC, which
corresponds to 15-fold enhancement. However, an even more drastic increase can
be achieved by encasing
 the 7 nm core particle by an inert NaYF4 shell of 1 nm or
even 3 nm Fig. 5.3(b) , the latter yielding τint of 1.3 ms, or 48-fold enhancement,
and the decay curve approaches that of Yb-Bulk (τint = 2 ms). Evidently, to
increase τint of a small 7 nm YbNC to values close to Yb-Bulk, a 3 nm NaYF4
shell is more effective than a ∼400-fold volume increase, which prefigures the
very large energy diffusion length during EM between Yb3+ ions at the typical
concentration of 20 % in β -NaYF4 , enabling EM to the surface even in very large
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NC. To suppress surface quenching in Yb3+ -doped NC, surface passivation is
crucial, as previously reported by several groups for UCNC [3, 5, 12, 57, 88].

Figure 5.3.: Normalized luminescence decay curves of the Yb3+ and Er3+ emissions of
YbNC and ErNC. The Yb3+ emission at λem = 940 nm and λex = 978 nm is
displayed (a) for 7 nm- to 52 nm-sized core YbNC (Yb3+ size series), and
(b) for 7 nm-sized core YbNC coated with a 1 nm- and a 3 nm thick NaYF4
shell (Yb3+ shell series). The green and red emissions of Er3+ are recorded
upon excitation at λex = 375 nm. The green emission at λem = 540 nm is
displayed (c) for 7 nm to 38 nm-sized core ErNC (Er3+ size series) and (d)
for 7 nm-sized core ErNC coated with a 1 nm and a 3 nm thick NaYF4 shell
(Er3+ shell series). The red emission at λem = 655 nm is displayed (e) for
the Er3+ size series and (f) for the Er3+ shell series. The decays of the
respective bulk materials are included in all panels and indicated as black
lines. NC data are depicted as dots. All samples were measured as powders.
Data adapted from Fig. 3 in [89].

Green emission For the Er3+ emission, displayed in Fig. 5.3(c)-(f), the trends

of the results are comparable, but the τint increase relative to Er-Bulk of the Er3+
3+
size series is more pronounced
 than for the Yb size series, especially for the
green emission Fig. 5.3(c) , where a size increase from 7 nm to 38 nm has a
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comparable effect as encapsulation with a 3 nm shell Fig. 5.3(d) . Both the
38 nm particle and the 7 nm NC with 3 nm shell approach the Er-Bulk lifetime
closely. In chapter 4, it was observed that the green lifetime of KK’s bulk (but
not the red) was surpassed by UCNC with very thick shells. Here, dS is most
likely too thin for the NC to surpass the bulk lifetimes, and Er-Bulk instead of
KK’s bulk is used, which has a longer decay (cf. Fig. A.7 on page 144).

Red emission For the red emission, sizeincrease Fig. 5.3(e) is even more


effective than surface shielding Fig. 5.3(f) . Still, both strategies lag behind the
Er-Bulk decay curves more drastically than for the green emission. Evidently,
and contrary to the green Er3+ emission and the Yb3+ emission, the population of
the red-emissive energy level of Er3+ involves non-radiative processes that cannot
be suppressed sufficiently through surface passivation and are very sensitive to
the particle core volume. This suggests an influence of the number of active ions,
possibly through an ET process, despite the low 2 % Er3+ concentration in these
samples.
An obvious explanation would be the formation of Er3+ -Er3+ clusters within

the particle lattice, but this was excluded in the excitation scans cf. Fig. 5.1 .
Moreover, the Er3+ concentration of 2 % is fairly low, and the rise, especially
for the decay of the red band, is very pronounced. In a recent study by Wang
and Meijerink, concentration-induced CR was found to affect the green-emissive
level much more than the red in core-only and core-shell UCNC dispersed
in cyclohexane: For the red energy level, EM was identified as the leading
quenching mechanism[125].

Surface quenching eciencies To identify possible surface quenching by
ligands, Dr. Bastian Rühle has measured the FTIR spectra of some of the
particles (cf. Fig. A.5 on page 142) and compared the results with a quenching
layer model used by our group as well as the Berry group [20, 57]. In the
FTIR spectra, C-H vibrations of the oleate surface ligands 3000-2800 cm−1 are
clearly visible as well as -CH3 asymmetric
stretching vibrations 2956
cm−1


and -CH2 - asymmetric 2851 cm−1 and symmetric 2921 cm−1 stretching
vibrations, matching very well with the energy gap of 2900 cm−1 between the
red-emissive 4 F9/2 state of Er3+ and the 4 I9/2 level directly below it. The OH
stretching vibration at 3418 cm−1 typically affects the green Er3+ and the Yb3+
energy levels[20], but its influence appears weak in these particles compared to
the CH vibrations, indicating minor contamination by water during the particle
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synthesis at most.
Using the single-doped bulk lifetimes as unquenched reference τ0 , and the
lifetime of the respective NC with diameter d as quenched lifetime τ(d), the
experimentally-obtained quenching efficiency QE is calculated according to
Eq. (5.1):

τ(d)
QE τ(d) = 1 −
τ0

(5.1)


Since each emissive level displays a different QE τ(d) , the involved ET processes could have different Förster distances R0 . Dr. Christian Würth then
amended the previously-reported quenching layer model[20, 57] to produce
volume-averaged quenching efficiencies, calculated according to Eq. (5.2), where
the particle diameter d (in nm) must be a natural number.
D

QEFRET (d, R0 ) =

R60

∑ R6 + (0.5 nm · k)6 ·
k=1 0
(with D = d[nm])

(D − k + 1)3 − (D − k)3
D3

(5.2)

In this model, the particle is separated into D onion-like layers of 0.5 nm thickness,
where D denotes the particle diameter in nm. The first factor of the summand
in Eq. (5.2) describes the FRET efficiency to the kth layer from the particle
surface. The second factor accounts for the volume ratio of this kth layer relative
to the volume of the entire particle. The calculated volume-weighted particle
quenching efficiencies for different Förster radii of the transitions ranging from
R0 = 0.5 − 10 nm for particle sizes d = 5 − 40 nmare displayed in Fig. 5.4
together with the experimentally obtained QE τ(d) for the Yb3+ emission as
well as the green and red emissions of Er3+ .
Considering the small ratio between OH and CH vibrations observed in the FTIR
spectra cf. Fig. A.5 on page 142 together with the energetic match of the
vibrational bands of the surface ligands and the energy gaps of Er3+ and Yb3+
levels, one would expect a thicker quenching layer, or larger R0 , for the red
emissive band. Consequently, the quenching of the red emissive energy level
of Er3+ is more prone to underestimation than the green, as quenching of the
green emissive band (with a smaller R0 ) is more easily passivated. The estimated
quenching layer thickness of an ET process is directly proportional to the R0 of
the transition, so the average quenching layer thickness of the green emissive
band is assessed around 2 nm, while that of the red emission is almost twice as
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Figure 5.4.: Quenching efficiencies from measured τint of the red, green, and Yb3+
emission (dots), according to Eq. (5.1), and theoretical volume-weighted
quenching efficiencies (lines), according to Eq. (5.2) for different Förster
radii R0 (color gradient: dark green for 0.5 nm to red for 10 nm). Data also
displayed in Fig. S7 in the ESM of [89].

thick, at about 3 − 4 nm, derived from Fig. 5.4 by comparing the theoretical lines
to the experimental data from the size series. The estimated R0 are in excellent
agreement with the observations from the shell series: R0 of the green emission
(2 nm) is smaller than the maximum shell thickness used here (3 nm), and the
green emission is almost completely unquenched by surface passivation through
shelling. For the red emission (R0 of 3 − 4 nm), on the other hand, a shell of 3 nm
is still too thin to overcome surface quenching to the same extent as for the green.
Although the shell thickness is close to R0 , Förster-type transistions can range to
distances of 2R0 , leaving the red-emissive state more prone to quenching than
the green. Altogether, we observe a QE of 25 % for the green emissive energy
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level and 65 % for the red, which interacts with the -CH vibrations more strongly,
resulting in a larger R0 .
Comparing the different quenching efficiencies, we find that the low Er3+ doping
of only 2 % reduces the influence of EM, and that the organic ligands located at
the particle surfaces likely cause the luminescence quenching. Due to the very
efficient EM between Yb3+ ions, the simple quenching layer model suggested
above would result in a very large R0 , rendering the model unsuitable for the
discussion of Yb3+ ions without further amendments to the model. Moreover,
our measurements with the single-doped materials seemingly contradict previous
measurements by the Biophotonics group at BAM, where UCNC were dispersed
in different organic solvents. This study revealed that the red-emissive 4 F9/2 level
of Er3+ was less prove to external quenchers, such as O-H or C-H, especially in
comparison to the green-emissive 4 S3/2 state of Er3+ or the 2 F5/2 excited Yb3+
state [20, 58]. These studies emphasize how crucial the choice of solvent is, and
that the particle behaviour in the dried state may differ from that in the dispersed
state. Solvent quenching and ligand quenching obviously play two very different
roles.

5.4. Decay Kinetics of UCNC, ErNC, and YbNC
(UV excitation)
Following the detailed examination of the luminescence behaviour of Yb3+ and
Er3+ single-doped NC, I compare these results with the co-doped materials,
thereby highlighting similarities and differences. The data are compared to the
τint of KK’s bulk. At first, I used the same excitation wavelengths as before,
namely λex = 375 nm for the Er3+ emission and λex = 978 nm for the Yb3+ emission. As the co-doped material contains both Yb3+ and Er3+ ions, the impact of
the BET on the decay kinetics will become obvious, like the excitation spectra
above suggest (cf. Fig. 5.1 on page 59).
The decays of the UCNC are displayed in Fig. 5.5. For an easier comparison
with previous results, the decays of Er-Bulk and ErNC of similar composition
(already displayed in Fig. 5.3) are also included in Fig. 5.5 in a lighter shade of
the corresponding colors.
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Figure 5.5.: Decays of KK’s bulk and chosen UCNC in direct comparison with ErBulk/ErNC at λex = 375 nm and with Yb-Bulk/YbNC at λex = 978 nm. Er3+
and Yb3+ single-doped materials are denoted as lines in a lighter, co-doped
materials as dots in a darker color shade. (a) – (c): Normalized luminescence
decay curves of bulk and nanocrystalline samples for λex = 375 nm and
λem = 540 nm of (a) bulk (black), (b) 30 nm unshelled UCNC (dS = 0) and
28 nm unshelled ErNC (green), (c) 7 nm NC with a 3 nm inert shell (navy).
(d) - (f): Same samples and same excitation, but λem = 655 nm. (g) - (i):
Normalized luminescence decay curves of bulk and nanocrystalline samples
for λex = 978 nm and λem = 940 nm of (g) bulk materials (black), (h) 18 nm
unshelled UCNC and 22 nm unshelled YbNC (lighter green), and (i) 7 nm
NC with a 3 nm inert shell (navy). Data (a)-(f) adapted from Fig. 4 (a)-(f)
in [89].

Green emission Evidently, the green emissions 4 S3/2 → 4 I15/2 of the single

and co-doped samples, displayed in Fig. 5.5(a)-(c), are very similar. The decays
of the same-sized UCNC are slightly shorter than the respective ErNC, which can
be explained by ET pathways to Yb3+ ions which are present in the UCNC and
missing in the ErNC, creating an additional loss channel for the excited states of
Er3+ .
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Red emission The red emission displayed in Fig. 5.5(d)-(f) , however, is


more sensitive to neighboring Yb3+ ions. All Er3+ -single-doped materials under
consideration display a significant rise before the decay of the red level becomes
dominant, but no rise is observed in the co-doped samples. Moreover, for the
samples of similar size around 30 nm, the decays are rather comparable, but for
the 7 nm core sample with 3 nm shell, the ErNC
decay is significantly longer than

the UCNC decay cf. Fig. 5.5(e) and (f) . The excitation spectra (cf. Fig. 5.1
on page 59) revealed different population pathways which can explain the rise:
The red emissive 4 F9/2 state of Er3+ can be populated very efficiently through
BET to Yb3+ in the co-doped system, causing the uninterrupted decays in the
co-doped materials, but in the absence of Yb3+ ions and at the low Er3+ doping
of 2 %, the only population pathway following 375 nm excitation is through
several, time-consuming NRR steps from 4 G11/2 to 4 F9/2 , causing the significant
rise. Even more astounding, this rise only appears for luminescence from the
4F
4
9/2 state, not the S3/2 state directly above it (cf. Fig. A.7 on page 144). The
last non-radiative transition from 4 S3/2 →4 F9/2 appears solely responsible for the
long duration. Therefore, it likely has a rather low transition rate, even though
the energy difference between these two bands is only slightly larger than other
energy gaps in the Er3+ energy scheme (cf. Fig. 1.2 on page 8). In their study
of the Yb3+ ,Er3+ co-doped system utilizing a set of rate equations, the Berry
group has set the non-radiative rate of this transition (kNR5 ) to zero [57, 59],
highlighting that this transition is very unlikely.

Moreover, the large, unshelled NC Fig. 5.5(e), displayed in green and the
small, shelled NC (f, displayed in blue) exhibit very different decay kinetics upon
UV excitation, contrary to the green emission (b, c). The tails of the decay data
for the core and core-shell NC in (e, f) indicate that the population of the red
emissive 4 F9/2 state is affected not just by quenching at the particle surface itself,
but by a volume effect, producing unequal decay kinetics for NC of different
sizes, so that surface passivation alone does not suffice for the efficient protection
of the NC.

Yb3+ emission For the Yb3+ emission shown in Fig. 5.5(g)-(i), the results are
unsurprising. At
 first glance, it astonishes that size quenching (h), shorter τint
for smaller NC is so much more pronounced in the UCNC than in the YbNC,
but unfortunately, I did not have NC of the exact same sizes to compare. Even
though (18 ± 1) nm (UCNC) and (22 ± 2) nm (YbNC) intuitively appears very
similar in size, the volume of the larger core is almost twice the volume of the
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smaller one (factor 1.8±0.6). Therefore, the comparison is hampered by the size
mismatch.
There is clear evidence, however, that the shelling procedure has a positive effect
especially on the Yb3+ emission above all others. To protect a NC containing
Yb3+ ions from surface quenching, adding an inert shell would be tremenduously
more effective than increasing the size of the NC. As it was shown in Fig. 5.3(a),
not even the very large unshelled 52 nm particle could reach a lifetime similar
to the 7 nm YbNC with 3 nm shell. This underlines the non-negligibility of EM,
as the whole UC process contains not only ETU, but actually energy migration energy transfer upconversion (EM-ETU). The mean pathlength of the excitation
inside the particle is fairly long, greatly exceeding only a few nanometers [127].

Preliminary conclusion The green emission is both protected by size increase
and by shelling, the red emission is better protected by volume increase, and
the Yb3+ emission ist best protected by shelling. The BET that populates the
red emissive level is fast and efficient, because the rise that was observed in the
decay measurements of the ErNC, which occurs due to NRR, was absent in the
UCNC measurements. Even though the population of the 4 F9/2 after excitation
of the 4 G11/2 by NRR is not forbidden, it is largely overridden by the dominant
BET process, eliminating all traces of population by NRR.

Direct excitation of the emissive states of Er3+ For an easier and more
accurate comparison of the samples, I decided to excite the red-emissive level of
a selected number of ErNC and UCNC as well as Er-Bulk and KK’s bulk directly
at 635 nm, to avoid different population routes. The measurements were carried
out at the FSP920 fluorospectrometer with the tunable µF lamp as excitation
light source. Deviations between results from single- and co-doped samples
were reduced significantly by using this new excitation wavelength. Fig. A.7 on
page 144 shows the bulk emissions for different excitation wavelengths: For the
red emission of KK’s bulk, both excitation wavelengths λex = 375 nm, exciting

the 4 G11/2 state of Er3+ , and λex = 635 nm, exciting the 4 F9/2 directly yield
identical
 decay curves, whereas for Er-Bulk, the direct excitation of the red
4F
9/2 results in an instantaneous decay (same as KK’s bulk), but UV excitation
4G
11/2 yields a decay with a very long rise. Surprisingly, also the tail fit gives
a longer lifetime (641 µs vs. 556 µs). For the green emission, there is hardly a
difference in the curves. The decay recoreded with λex = 375 nm has a very small
rise compared to the measurements with λex = 485 nm, exciting the 4 F7/2 state of
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Er3+ , and with λex = 525 nm, exciting the 2 H11/2 state of Er3+ , giving evidence
that a minimal time delay occurs during the transition from 4 G11/2 →2 H9/2 ,
from 2 H9/2 →4 F3/2 /4 F5/2 , or from 4 F3/2 /4 F5/2 →4 F7/2 (cf. Fig. 1.2). Since the
differences for the green emission are negligible, I relied on the 375 nm diode as
excitation light source for further measurements, since the use of a diode is more
practicable and produces clearer results than a µF lamp.
In Fig. 5.7, the τint for some UCNC and ErNC at 635 nm excitation are displayed
alongside the results from all other utilized excitation wavelengths.

5.5. Decays of UCNC (NIR excitation)
To complete the lifetime and decay analysis, the UCNC measurements from
Sec. 5.4 are repeated under 978 nm excitation with special attention on the green
emission at 540 nm and the red emission at 655 nm. The results are displayed
in Fig. 5.6. The green Er3+ emission, depicted in Fig. 5.6(a), is following the

Figure 5.6.: Normalized luminescence decay curves of the 30 nm unshelled UCNC
(green), the 7 nm UCNC with 3 nm shell (navy), and KK’s bulk (black),
excited at λex = 978 nm and recorded at (a) λem = 540 nm, and (b) λem =
655 nm. Data adapted from Figure 5 (b)-(c) in [89].
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behaviour of the Yb3+ emission cf. Fig. 5.3(a)-(b) , likely because the 4 S3/2
state of Er3+ is fed through two ETU steps directly from Yb3+ , so a longer
Yb3+ lifetime would also result in a longer feeding of the green emissive band.
The decay kinetics of the red Er3+ emission of the 30 nm unshelled UCNC and
the 7 nm UCNC with 3 nm shell are almost undistinguishable. The increased
particle volume of the larger UCNC increases the lifetime to the same extent as
the surface-passivating shell, contrary to the green emission. Therefore, the timedependent behaviour of the red emission cannot depend on the Yb3+ lifetime
alone. There must be a second, surface-independent, volume-related influence.
τint comparison To maintain the clarity of the graphs, Fig.’s 5.3, 5.5 and 5.6
only show the decays of a few selected samples. As indicated in Tab. 5.1, the
number of measured samples is far greater, and the following graph (Fig. 5.7)
shows the τint from all measurements, obtained through tail fits using Eq.’s (2.1)
and (2.2) on page 19. The icon in the upper left corner of each panel indicates
which sample and which excitation and emission wavelengths were used. Green
icons indicate ErNC, red icons indicate YbNC, and blue icons indicate UCNC.
The incoming ray in the upper left corner of the particle icon indicates the excitation wavelength (gray for 978 nm, red for 635 nm, purple for 375 nm) and
the exiting ray in the lower right corner of the particle indicates the emission
wavelength (gray for 940 nm, red for 655 nm, green for 540 nm).
Fig. 5.7 displays the intensity-weighted mean lifetimes (τint ) of all measured
particles in this study. The surface-passivating effect
 of the shell is most clearly
3+
visible in the Yb emission Fig. 5.7(a) and (b) , where the τint of the bigger,
unshelled particles greatly succombs to those of the shelled 7 nm particles. This
is true for both YbNC and UCNC, even though for YbNC, the effect is more
prominent. For the green emission, surface passivation leads to a better lifetime
prolongation than size increase, regardless of whether UV or NIR excitation is
used, or whether ErNC or UCNC are investigated. However, the difference between the effect of surface passivation and the effect of size increase is smaller for
the green Er3+ emission than for the Yb3+ emission. The red emission behaves
differently: The first measurements
obtained were done at 375 nm excitation (f)

for ErNC and (h) for UCNC , producing a great mismatch between the two compositions. However,
 changing the excitation wavelength to 635 nm (g) for ErNC
and (i) for UCNC reveals that the two particle systems behave more similarly
than previous observations suggest, because the different populations pathways
(BET for UCNC, NRR for ErNC) could be circumvented. When utilizing NIR
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excitation (j) , τint of the shelled UCNC surpass the τint from the size series.

Figure 5.7.: Intensity-weighted mean lifetimes (τint ) from multiexponential fits of the
decay data of the size series (black squares) and shell series (red squares)
displayed in Fig.’s 5.3, 5.5 and 5.6. The icon in the top left corner of
each panel indicates the respective doping and excitation and emission
wavelengths, as indicated left to the panels. The decays were measured at
(a, b) λem = 940 nm, (c, d, e) λem = 540 nm, and (f, d. h, i, j) λem = 655 nm,
with excitation at (c, d, f, h) λex = 375 nm, (g, i) λex = 635 nm, and (a, b, e,
j) λex = 978 nm. τint of the respective bulk materials are included as stars
and denoted as “B” on the size axes. The lines serve as guides to the eye.
Data adapted from in Fig. S11 in the ESM of [89].
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5.6. TRES measurements of ErNC and UCNC
To build a bridge between time- and wavelength-resolved spectroscopy, timeresolved emission spectroscopy (TRES) measurements were conducted. For these
measurements, the decay curves were measured for several emission wavelengths
ranging from 500-700 nm under identical measurements conditions (slit width,
exposure time, pulse width, sample position, etc.), yielding time- and wavelength
dependent emission intensities I(t, λem ). The spectral responsivity-corrected
and normalized data were plotted in a 2D colormap with logarithmic intensity
scale for the first 1 ms after the pulse. Since TRES measurements are very timeconsuming (over-night or over-weekend measurements), a subset of the ErNC
and UCNC was selected: I chose the small (7 nm), medium (18-20 nm), and
large (28-30 nm) unshelled NC as well as the 7 nm NC with 3 nm shell, together
with the respective bulk materials. The results from the TRES measurements are
displayed in Fig. 5.8, and the particle compositions and size and shell thicknesses
are inset in the top right corner of each graph, while the excitation wavelength is
given to the right of each panel.

ErNC The TRES results for the ErNC are displayed in the upper panel of
Fig. 5.8. The 7 nm ErNC (b) displays the shortest green and red emission
 bands
3+
of all Er single-doped
samples; both shelling displayed in (a) and size

increase (c)-(d) prolong these emission bands. The red band emits a lower
intensity than the green in all five samples; the bulk material (e) displays an
especially low intensity of the red emission. The data of the small core-shell
ErNC, (a), and the biggest unshelled ErNC, (d), resemble each other closely.

UCNC The UCNC at 375 nm excitation, displayed in the middle panel of
Fig. 5.8, also show lifetime prolongation upon shell addition or size increase, but
the small shelled UCNC (f) and the large unshelled UCNC (i) exhibit opposite
lifetime trends: For the small, shelled UCNC in (f), it is the green emission
which shows a strong enhancement compared to the small, unshelled UCNC in
(g). For the large, unshelled UCNC in (i) and even more in KK’s bulk (j), the red
emission is more strongly enhanced than the green.
In the bottom panel, the TRES data for UCNC excited at 978 nm are shown. The
red band of the small, shelled UCNC (k) has a lower intensity than for KK’s bulk
(o), and the bulk emissions are generally longer, but the data of the small, shelled
UCNC and KK’s bulk have a similar overall appearance.
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Figure 5.8.: Time-resolved emission spectroscopy (TRES) data of the ErNC (upper
panel) at 375 nm excitation, UCNC (middle panel) at 375 nm excitation,
and UCNC (bottom panel) at 978 nm excitation, together with the respective
bulk materials. The intensity of the normalized wavelength- and timeresolved data is indicated by a logarithmic color scale. Within each dataset,
lifetime measurements at wavelengths from 500 − 700 nm were carried out
under identical measurement conditions. The data was corrected for the
wavelength-dependent spectral responsivity of thedetector and normalized
to the maximum of the green band 4 S3/2 → 4 I15/2 at around 540 nm. Data
(a), (d)-(f), (i)-(j) adapted from Fig. 4 (g)-(l) in [89]. Data (k), (n)-(o)
adapted from Fig. 5 (f)-(h) in [89].
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Comparing the UCNC results at 375 nm excitation (middle panel) with the
UCNC results at 978 nm (bottom panel), I observe the same lifetime inversion of
the red and green bands in the small, shelled (f, k) and the large, unshelled (i, n)
UCNC.

Role of the rise The medium-size ErNC in (c) shows the longest lifetime compared to the same-size UCNC, but they produce very similar results. Especially
for the NIR excitation (bottom panel), the UCNC from the size series seem to
follow the dynamics from the 375 nm excitation, while the UCNC from the shell
series appears to follow the bulk dynamics.
Even though the data are displayed for the first 1 ms after the pulse, so at t = 0 ms,
the laser excitation has just turned off, there is a significant rise in the 978 nm
excitation graphs, especially for the shelled UCNC and the KK’s bulk, but also
for the large UCNC. This is another indicator for the better surface passivation
properties of shelling when compared to size increase, because a long rise implies
in this case on-going feeding from excited Yb3+ ions, indicating good passivation
and less quenching.
Some of the conclusions could already have been drawn from the lifetime graphs
discussed in the previous sections, but the TRES analysis gives me the opportunity to investigate lifetimes and relative intensities simultaneously. From the
previous analysis, it would not have been obvious that the red emission of Er3+ single doped materials decays with a significantly lower intensity than of the
UCNC. This is another confirmation that the BET process is not only a possible,
but actually a highly efficient population mechanism for the red emissive energy
band in Yb3+ ,Er3+ co-doped systems.

Comparing steady-state and TRES spectra Fig. A.9 on page 147 illustrates
wavelength-dependent spectra from TRES measurements, taken at different
times after the pulse (momentary intensity over wavelength), demonstrating the
similarity of these wavelength-resolved TRES spectra with regular, P-dependent
steady-state emission spectra shown in Fig. A.10 on page 149. Therefore, I am
confident that I may use the insights from the TRES analysis when investigating
P-dependent data.
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5.7. Random Walk Model
I have found evidence for a volume effect that exceeds the extent of a quenching
layer. To gain a better understanding of the different population mechanisms in
the particles from the size and shell series at the same P, I have written a Matlab
simulation containing a simplified energy scheme of the Er3+ ion with only four
levels, combined with the two-level energy scheme of the Yb3+ ion, to allow
discrimination between three-photonic excitation (efficient red emission) and
two-photonic excitation (green and NIR emission) in NIR-excited UCNC. This
Monte Carlo model of a simplified UC process in a β -NaYF4 : 20%Yb3+ , 2%Er3+
particle with radius R which is based on the three-dimensional random walk
model published by Zuo et al. in 2018 [128] of the excited Ln3+ states in a host
crystal lattice. For simplification, Zuo et al. used an ion grid with simple cubic
structure instead of the experimentally realized hexagonal symmetry, and a set of
allowed interactions between nearest neighbor pairs was introduced. Using this
simple model of only two excited Er3+ states, Zuo et al. were able to accurately
predict the excitation mechanisms inside their multi-layer particles, where UC
occurs whenever two or more excited states “collide” into a single Er3+ ion.
I expanded this model from two excited states of Er3+ to three, to be able to
distinguish between two-photonic and three-photonic populations producing
UCL.

Ion placement in the random walk model Even though different crystal hosts
produce UCL with different intensities, efficencies, and lifetimes[22, 27, 28],
because of the influence of the local symmetry on the luminescent centers[23–
26, 106, 129, 130], I decided to maintein Zuo et al.’s simplified, easier ion model
system with simple-cubic symmetry, intented to simulate simple EM and UC
emissions. Instead of a perfect uniform distribution, real UC systems exhibit arbitrary distributions of Y3+ , Yb3+ , and Er3+ ions, as well as possible clusters[106].
Recent publications have presented ET models in multilayer systems[131], ETU
without EM[132], and ET combined with rate equation models[106] in systems
with hexagonal symmetry. However, as different vibrational modes of different
host lattices result in material-specific NRR rates[23], I included the relevant information of β -NaYF4 by using parameters obtained from lifetime measurements
of the β -NaYF4 particles discussed in this chapter. Neither the local crystal field
distortions nor the phonon energies are parameters in the model. Instead, they are
included indirectly in the radiative rates and the ET rates (obtained by Zuo et al.
from β -NaYF4 [128]). Thus, a simple-cubic symmetry in the simulation should
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suffice (note that α-NaYF4 has face-centered cubic symmetry[24]), especially
since distortions of local symmetry and not the number of nearest neighbors
are responsible for the efficient UCL in β -NaYF4 [25, 26], so using an easier
symmetry while maintaining the ET and radiative rates obtained from β -material
should have negligible impact on the results. If I can successfully recreate the
experimentally-observed volume effect by assuming equal spacing at average
distances between neighboring ions and only nearest-neighbor interactions, I
effectively exclude clustering and lattice defects as possible origins of the strong
red emission for large particles and at high P[106], obtaining more general
information on the reality of the volume effect.

Interactions in the random walk model An energy scheme of the simplified

Yb3+ -Er3+ system of the random walk model is presented in Fig. 5.9. Assuming
continuous
 wave excitation, any ion in the ground state states (1) and (3) in
Fig. 5.9 may absorb a photon via GSA. Fig. 5.9 shows all allowed interactions
in my simplified model: Energy can
 be transferred via EM only on the first
excited state level states (2) and(4) , and it can be transferred to higher excited
states of Er3+ states (5) and (6) . Moreover, excited states at the surface can be
quenched and the energy “lost”. Any excited state can deactivate to the ground
state by emitting a photon. I am discerning between NIR photons from the first
excited states (2) and (4), green photons from the second excited state of Er3+
(5), and red photons from the third excited state of Er3+ (6). Of course, in the
real Er3+ system, the red emissive level is energetically lower than the green, but
for the sake of simplicity, my model omits the NRR and BET steps involved in
the three-photonic population of the red emissive level[56]. All photons emitted
from state (5) (after two-photonic excitation) will be conceived as “green”, all
photons emitted from state (6) (after three-photonic excitation) will be interpreted
as “red”. All other emissions of the real Er3+ system will be omitted.
The surface quenching in my simulation is similar to Zuo et al.’s, but I multiplied
the quenching rate (adapted from Zuo et al.’s work[128]) with a quenching
factor Q to tune the degree of surface quenching. Thus, surface quenching can
be deactivated completely in the simulation, allowing to distinguish between
surface-related and volume-related size effects. In the case of perfect surface
passivation, a Ln3+ ion at the surface would simply have fewer ET partners
available than a bulk ion. To keep my model more realistic, I simulated spherical
particles in the cubic Ln3+ grid, so that a surface ion would have up to three
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Figure 5.9.: Schematic energy diagram used in the random walk model, depicting all
possible interactions: Long dashed black arrows indicate absorption, solid
red arrows indicate ET, short dashed green arrows indicate emission of a
photon (radiative deactivation), and dotted gray arrows represent quenching.
Figure adapted from Fig. S13 in the ESM of [89].

quenchers as nearest neighbors.
The rates reported by Zuo et al. in [128] for absorption, energy transfer, and
surface quenching are adopted in my model. Since the simulated Er3+ ion was
expanded by an additional Er3+ state, the ET rates for the population of this
new level had to be determined by me. The radiative or emissive rates were
obtained from my experimentally determined τint and they are very similar to
Zuo et al.’s reported rates[128]. Since I focus on different NC sizes and my
experimental studies include core as well as core-shell NC, I used different
sets of radiative rates for different computations during the simulation: I used
radiative rates from the 30 nm unshelled and the 7 nm shelled (dS = 3 nm), as well
as the 7 nm unshelled and the bulk material. It is indicated directly in each graph
(or caption thereof) which set of radiative rates was used to obtain the respective
data. Tab. 5.2 gives a full list of all parameters used and the rates directly adopted
from Zuo et al.[128] are highlighted with an asterisk (∗). A thorough assessment
of the Monte Carlo model is featured in appendix B, starting on page 153.
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Parameters
Total simulation time∗ [s]
Time step [s]
Absorption cross section of (1)∗ [cm−2 ]
Absorption cross section of (3)∗ [cm−2 ]
ET rates [s−1 ]
(2) → (2)∗
(2) → (4)∗
(2) → (5)∗
(2) → (6)
(4) → (2)∗
(4) → (4)∗
(4) → (5)∗
(4) → (6)
Surface quenching rate∗

−1
Sample used for radiative rates = τmeas
Radiative rate of (2) [s−1 ]
Radiative rate of (4) [s−1 ]
Radiative rate of (5) [s−1 ]
Radiative rate of (6) [s−1 ]
Quantum yield of states (5) and (6)∗

Value
3
2 · 10−6
1.17 · 10−20
1.7 · 10−21
105
2.5 · 104
3.2 · 103
3 · 104
104
5 · 103
600
100
105
7 nm
7 · 104
3.2 · 103
2 · 104
5 · 104
0.5

7 + 3 nm
1.2 · 103
8.4 · 102
5 · 103
1.2 · 104

30 nm
5 · 103
2.1 · 103
6.5 · 103
3.5 · 103

bulk
4 · 102
180
4 · 103
1.8 · 103

Table 5.2.: Simulation parameters used for the Monte Carlo simulation in this work;
values adapted from Zuo et al.[128] are highlighted by an asterisk (∗). The
radiative rates are determined from the measured lifetimes τint of the 7 nm
core NC (unshelled), the 7 nm core + 3 nm shell NC (denoted as 7 + 3 nm in
the table), the 30 nm core NC (unshelled), and KK’s bulk sample. They were
obtained from luminescence decay measurements after direct excitation of
the respective states. For (6), the red emission was used. For (4), the 940 nm
emission of ErNCs of the same size and shell thickness was employed,
since the Er3+ emission in UCNCs at 980 nm cannot be separated from the
dominant Yb3+ emission. Data adapted from Table S3 in the ESM of [89],
except for the bulk recombination rates which are not used in [89]. Radiative
rates were referred to as recombination rates and ET rates were referred to
as energy migration rates in Table S3 of [89].
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5.8. Quantum Yields and Relative Emission
Intensities
The UCNC from the size and shell series were measured using the integrating
sphere setup described in Sec. 2.2.3. From these steady-state measurements,
P-dependent ΦUC and relative emissions were obtained. Similar-size particles
were simulated using the Monte Carlo model introduced in Sec. 5.7. Combining
measurement and simulation, Fig. 5.10 displays the measured and simulated ΦUC
of the UCNC from the size and shell/quenching series. The relative emissions
from the same datasets are depicted in Fig. 5.12.
shell Fig. 5.10(a) and the
Experimental ΦUC For both the experimental



experimental size series, Fig. 5.10(b) the UCNC with the highest efficiency
are

also the ones which display the longest τint cf. Fig. 5.7 on page 72 . The 7 nm
UCNC with 3 nm shell (displayed in brown) has the highest ΦUC of all measured
NC in this study, with 3.2 % at 56 W/cm2 , which corresponds to almost 2500-fold
enhancement from the unshelled NC (0.0013 % at 56 W/cm2 , displayed in gray).
Even for a very thin shell of only 0.7 nm (displayed in teal), I observe ΦUC of
0.11 % at 56 W/cm2 , corresponding to 85-fold enhancement. 
The unshelled 30 nm UCNC Fig. 5.10(b), displayed in red exhibits ΦUC of
0.41 % at 56 W/cm2 or over 300-fold enhancement compared to the bare 7 nm
UCNC, which is significantly less than the 2500-fold enhancement observed for
shelling, proving once more the great effect that shelling has on UCL. I observe
a rather continuous ΦUC increase both for NC with increasing size as well as
for NC with increasing shell thickness. The benchmark value of the KK’s bulk
(9.2 % at 19 W/cm2 ) is unreached by both series in this study.

Simulated ΦUC The quenching series in the simulation Fig. 5.10(c) was


obtained using the radiative rates from the 7 nm NC with 3 nm shell. The
particle size in the simulation is 30 nm and the quenching factor Q is varied
from 0 (depicted in purple) to 1 (depicted in red). The trend
matches with

the experimental shell series remarkably well Fig. 5.10(a) : The unquenched
simulated particle (displayed in purple) experiences the highest ΦUC of 5.1 % at
300 W/cm2 and 1.6 % at 50 W/cm2 , while the fully-quenched system (shown in
red) displays a ΦUC which is several orders of magnitude lower, namely 0.0011 %
at 300 W/cm2 , corresponding to over 4600-fold enhancement at 300 W/cm2 .
Unfortunately, the comparison is not feasible at lower P, because of a lack of
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Figure 5.10.: ΦUC from measurements and Monte Carlo simulation. (a), (b): ΦUC
determined using the integrating sphere setup through integration over
all emissive bands from 400 − 860 nm at λex = 976 nm. The 7 nm core
particle with different shell thicknesses (shell series) is depicted in (a)
and the 7-30 nm core particles (size series) are depicted in (b). KK’s bulk
phosphor data are included in cyan. (c), (d): ΦUC data obtained with my
random walk simulation. In (c), the radiative rates from the 7 nm UCNC
with 3 nm shell were used and the surface quenching rate was increased
from 0-100 % (Q = 0 and Q = 1, respectively) (quenching series). In
(d), the radiative rates from the 30 nm unshelled UCNC were used and
the size of the simulated particle was varied from 7 − 30 nm (size series).
Also included in dashed lines and a lighter color shade are the results for
smallest and largest simulated particles using the radiative rates from the
7 nm unshelled particle.

data caused by the high quenching often yielding zero emitted photons in the
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simulation, even at longer simulation times.

The size series in the simulation Fig. 5.10(d) , for which the radiative rates
of the 30 nm NC were used, yields a ΦUC of 2.4 % at 300 W/cm2 and 0.79 %
at 50 W/cm2 for the 30 nm simulated particle, and ΦUC of 0.5 % at 300 W/cm2
and 0.11 % at 50 W/cm2 for the 7 nm simulated particle, displaying a 4.4-fold
enhancement at 300 W/cm2 and a 7.4-fold enhancement at 50 W/cm2 .
I also included simulation results of a 7 nm and a 30 nm NC upon using the
radiative rates of the unshelled 7 nm NC instead, included in Fig. 5.10(d) in
pellucid dark green and red and with dashed lines, yielding ΦUC of the 7 nm
simulated particle of 0.0052 % at 300 W/cm2 . For 50 W/cm2 , there was no data
available for the same reason as above with Q = 1. The 30 nm simulated particles
produces ΦUC of 0.041 % at 300 W/cm2 and 0.0062 % at 50 W/cm2 . These two
simulation runs illustrate that the observed volume effect is not (only) caused by
the radiative properties of the NC. Otherwise, the 30 nm particle with 7 nm rates
(dashed lines, pellucid red) and the 7 nm particle with 30 nm rates (solid lines,
dark green) would produce identical or at least similar ΦUC .
While the simulated size series does not reflect the measured data as well as the
quenching series does, it is still remarkable that the mere choice of the size of
the simulated particle produces such different results. This is clear evidence for a
volume effect. The added data for the 7 nm and 30 nm particle with 7 nm rates
instead of 30 nm rates reveals that the choice of radiative rates and the choice of
particle size are not interchangable in the simulation, indicating that the volume
effect is real.
P-mismatch between simulation and experiment Upon interpreting the data
in Fig. 5.10, it should be noted that there is an offset between the P scales of the
simulation and the experiment, which is further illustrated in Fig. 5.11. During
the measurement, I was able to utilize P between 0.6 W/cm2 and 56 W/cm2 ,
because at higher P, the powdered samples were at danger of overheating. The
simulation, however, hardly yielded respectable results (i.e., > 0 emitted photons)
for P under 10 W/cm2 even for the efficient particles. Still, as Fig. 5.11 shows,
the match between simulation (displaying 7 nm particles with 7 nm radiative rates
in purple, 30 nm particles with 30 nm radiative rates in green, and 30 nm particles
with bulk radiative rates in red) and experiment (displaying, pellucid and dashed,
the 7 nm unshelled UCNC in purple, 30 nm unshelled UCNC in green, and bulk
in red) is remarkable, considering the simplifications that had to be utilized.
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Figure 5.11.: Simulated and experimentally obtained ΦUC of 7 nm UCNC, 30 nm UCNC,
and KK’s bulk. For the simulation, the radiative rates of the respective
material as well as the particle sizes are indicated in the graph. The offset
on the P scale between experiment and simulation is due to the limitations
of each method: above P =56 W/cm2 , the powdered samples were at risk
of overheating, and below P =10 W/cm2 , the simulation often yields zero
emitted photons (for the 7 nm particle even at P =100 W/cm2 ), despite
longer simulation times.

Relative Emission Intensities After the ΦUC analysis, an investigation of the

relative Er3+ emissions can give a more complete picture of the results. The
Monte Carlo simulation only discerns between two emissions (after two- and
three-photonic excitation), but the measured system displays five major emission
bands at the P used here (cf. Fig. 1.3) with many competing emissions from
various population routes.[56–60, 81, 118–121] To facilitate the comparison of
the relative emission intensities between simulation and experiment, the measured
emission bands with mostly-two photonic excitation (green, NIR centered at
810 nm, and NIR centered at 845 nm) are treated as a single emission for the
relative emission analysis, and the emissions bands with mostly-three photonic
excitation (red and blue) are treated as one as well. The results are depicted
in Fig. 5.12 and they stem from the same datasets that compiled Fig. 5.10. A
supplementary depiction with all five emissive bands is provided in Fig. A.11 on
page 150 in the appendix.
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Figure 5.12.: Relative emission intensities from measurements and Monte Carlo simulation. For an easier comparison, only the emissions upon mostly twophotonic (green, NIR) and from mostly three-photonic (red, blue) excitation are discerned. (a), (b): Experimentally-obtained relative emissions of
(a) the shell series (7 nm core) and (b) the size series (7 − 30 nm unshelled
UCNC). (c), (d): Simulated relative emissions of the (c) quenching series
and (d) size series. In (c), the radiative rates from the 7 nm UCNC with
3 nm shell were used and the quenching was increased from 0 − 100 %
(Q = 0 and Q = 1, respectively). In (d), the radiative rates from the 30 nm
unshelled UCNC were used and the size of the simulated particle was
varied from 7 − 30 nm. Also included (dashed lines, lighter color shade)
is the result for the smallest and largest simulated particle with radiative
rates from the 7 nm unshelled particle. Data adapted from Fig. 6 of [89].
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In both experimental series Fig. 5.12(a) and (b) at very low P, the red/blue
emission amounts to about 20 % of the overall emission, even though threephotonic processes are inefficient at low P[20]. Therefore, I attribute this contribution to the two-photonic population of the red-emissive 4 F9/2 state of Er3+ .
To account for this constant offset (red relative emission at 20 % and not 0 at
low P) and to render the datasets more comparable, I transferred 20 % of the
green emission (two-photonic excitation) in the simulation to the data of the red
emission (three-photonic excitation).

Experimental shell series Fig. 5.12(a) displays the relative emissions from the
experimental shell series, where the 7 nm core sample is displayed in a darker
color shade of green (two-photonic) and red (potentially three-photonic), and the
thickest shell of 3 nm is displayed in bright green and red. Obviously, a thicker
shell produces a higher red relative emission, especially at high P (maximum
P of 56 W/cm2 due to the low heat resiliance of the powdered samples), but
the majority of the overall emission is still green within the P range explored
here. However, with increasing P, an increase of the red relative emission is
clearly observed. This is contrary to the P-independent red and green relative
emissions of the ultrasmall UCNC explored in Sec. 4.3. Therefore, the UCNC
from this chapter’s shell series, which contain seven times as many Ln3+ ions
as the ultrasmall UCNC from chapter 4, exhibit a lower degree of core-shell
intermixing and a small, but significant contribution of three-photonic population
processes to the overall emission. Measurements at higher P are not feasible using
powdered samples with this setup, but extrapolating to higher P, it is imaginable
that there will be a crossing point of the green and red relative emissions.

Simulated quenching series The simulated quenching series Fig. 5.12(c)



shows the same trend as the experimental shell series Fig. 5.12(a) : The highlyquenched system shows hardly any red emission, whereas the unquenched system
(Q = 0) shows a slight increase within the P scale of the experiment (maximum
experimental P indicated by a vertical dashed gray line), and I find a crossing
point at P = 240 W/cm2 . In the experimental P range (10−56 W/cm2 ), the results
are very comparable. The simulation with Q = 0 indicates higher three-photonic
contributions to the overall population than observed in the experimental 7 nm
UCNC with 3 nm shell, suggesting that either a shell thickness of 3 nm is not
enough for perfect passivation, or that a shell with this thickness can be improved
in quality[12].
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Experimental size series In Fig. 5.12(b), the results from the experimental size
series are displayed. The 7 nm sample is the same as in the shell series. I observe
an increasing relative red emission with increasing particle volume. For the
largest UCNC of 30 nm, the red emission even exceeds the green at the low P of
approximately 8.5 W/cm2 , but also the second-largest UCNC of 18 nm displays
the crossing point within the measureable margin of the integrating sphere setup
and these samples at the maximum P of 56 W/cm2 . Using Eq. (1.3) (page 5),
the number of excited Yb3+ ions per unit time and per particle is estimated. At
56 W/cm2 , only (2.4 ± 0.9) Yb3+ ions are excited per ms in a 7 nm UCNC, but
(182 ± 36) Yb3+ ions in the 30 nm UCNC. This 79-fold increase can explain
the extremely efficient population of the red-emissive Er3+ level in the large
UCNC. Although the estimated radiative rate of Yb3+ of the unshelled 30 nm
UCNC is ∼4-fold larger than that of the 7 nm UCNC with 3 nm shell (cf. Fig. 5.7
and Tab. 5.2), which technically increases the likelyhood for ET in the small,
shelled UCNC, the 79-fold larger amount of excited Yb3+ ions compensates this
fully.

Simulated size series
 The simulated relative emission intensities of the size

series Fig. 5.12(d) display a crossing point for the 30 nm NC as well, but
at a different, higher P of about 120 W/cm2 , but besides this P offset, which
indicates the need for fine-tuning the simulation parameters further, the simulated
data show the same trend, namely a volume-dependent population of the green
(two-photonic) and red (three-photonic) energy levels when using the radiative
rates for 30 nm NC. When instead the radiative rates from the unshelled 7 nm
NC are used (results in dashed lines and a lighter color shade), there is hardly
any red emission, even for the 30 nm-sized simulated particle (dashed, brighter
red and green lines). Overall, the simulations strongly confirm the existence of
a volume effect and emphasize that the total number of active Ln3+ ion in the
particle has a drastic impact on the UCL.

Relative emission intensities, ΦUC , and τint Obviously, even though the

shelled NC display a higher ΦUC than the unshelled NC with increased size, as
shown in Fig. 5.10, the population dynamics are very different for smaller and
for larger NC. The higher red content for larger particles conforms to the results
from the TRES measurements (cf. Fig. 5.8 on page 74) and the longer τint of
the red-emissive Er3+ level in the larger NC than in the shelled NC (cf. Fig. 5.7
on page 72). Evidently, an efficient population and long τint of the red-emissive
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state of Er3+ do not automatically entail an overall higher ΦUC than for UCNC
with a lower relative red emission.

Mean excitation pathlengths Using the given, experimentally-obtained radiative rates and the simplified geometry discussed above and in more details in
appendix B, the simulations of the unquenched system reveal a mean pathlength
of the excitation inside the particle (smean ) of at least 100 nm
 cf. Eq. (B.3)
and Fig.’s B.5 and B.6 on pages 162, 163 and 165, respectively . This shows that
the excitation energy can travel through the entire particle several times before
being transferred to an Er3+ ion in a higher excited state, where it is trapped in
this model. This highlights the significance of EM in the UC process[3].

When the radiative rates from the unshelled 7 nm NC are used Fig. B.6(a) ,
smean is rather constant with respect to P. Only for the largest simulated NC, a
slight decrease at higher P is observed. Due to the high radiative rates in this
NC, EM becomes secondary, as the radiative deactivation of the excited states
of both Er3+ and Yb3+ is too efficient and no saturation of the excited states
of Er3+ is possible. A size-dependent smean is more apparent with the radiative
rates from the 30nm NC Fig. B.6(b) and even more so with bulk radiative
rates Fig. B.6(c) , as these allow for longer maintenance of the excited states
and therefore increase the probability for ET, increasing the importance of the
environment of an excited state.
In Fig. B.5(a), the influence of surface quenching on smean is depicted. In the
quenched system, smean is P-independent at 55 nm, while in the unquenched
system, smean decreases with increasing P from 190 nm at 10 W/cm2 to 160 nm
at 300 W/cm2 , likely because of the increased probability of encountering an
excited Er3+ ion in the host lattice when there is generally a higher number of
excited states present at the same time. Extrapolating from Fig. B.5(a) to higher
P, a more drastic decrease of smean can be expected, indicating that the role of
surface queching might lose relevance in measurements at very high P, such as
single particle measurements using confocal microscopes with P in the range of
MW/cm2 [55].
As the excitation energy can travel through the entire particle several times, the
total number of Ln3+ ions in the host lattice determines how many photons can
contribute to the excitation of the Er3+ ions. Increasing the total number of Ln3+
ions in the host lattice automatically also increases the total number of excited
Ln3+ ions (at the same P). This raises the likelyhood for higher-order photonic
processes due to the high mobility of the excitation energy and since Yb3+ ions
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are only capable of trapping the excitation energy through emission of a photon,
which is only efficient when the radiative rates are high.
It is important to regard volume increase while remaining a constant Ln3+ concentration. If the concentration of active Ln3+ ions were to be increased, this would
lead to extremely elevated ET rates due to the d −6 dependence of a Förster-type
ET, but it would also increase non-radiative, quenching CR processes drastically,
neither of which are included in the model.

The volume eect Even though the simulation of the size series involves
no surface quenching (Q = 0), the smaller particles still show a lower ΦUC
(Fig. 5.10) and a higher green-to-red intensity ratio (Fig. 5.12) than the larger
ones, independent from the chosen set of radiative rates. This is shown in more
detail in Fig. B.3 on page 160, displaying the relative emission intensities of
five different simulated NC sizes and using three different sets of radiative rates.
In each separate panel of Fig. B.3, one set of parameters was used, varying
only the particle size from 7 nm to 30 nm in diameter, thereby determining the
total number of active Ln3+ ions. It is evident that besides surface quenching,
there is a competing size-related quenching process, namely a volume effect,
which determines the likelyhood for higher-order photonic processes governed
by the number of active Ln3+ ions. The exact nature of this volume effect is not
understood yet, but the evidence for its existance is undeniable.
To preconclude, the ΦUC study of the size and shell series has shown that the
shelled particles have the highest ΦUC , even though the 7 nm core is relatively
small compared to the largest unshelled UCNC of 30 nm. However, in the
analysis of the relative emissions, the bigger NC showed a higher, more efficient
population of the red-emissive energy band. This was already foreshadowed
in chapter 4 and also confirmed in the lifetime study, where the shelled NC
showed a long green emission, whereas the larger (unshelled) NC displayed an
increase mainly of the lifetime of the red-emissive state of Er3+ . Obviously,
the different population routes, however efficient, do not determine the overall
quantum efficiency of the UCL.

5.9. Summary and Outlook
I compared and contrasted steady-state and time-resolved luminescence of singledoped β -NaYF4 : 20%Yb3+ particles (YbNC), single-doped β -NaYF4 : 2%Er3+
particles (ErNC), and co-doped β -NaYF4 : 20%Yb3+ , 2%Er3+ particles (UCNC)
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with small cores of 7 nm and inert NaYF4 shells of different thicknesses of
up to 3 nm, as well as unshelled NC with sizes up to 52 nm. β -NaYF4 was
used as host matrix because it is known to be the most efficient host matrix
for UC [2, 3, 5, 30, 34], and a broadly-used, representative synthesis method
was applied[2, 86, 89] to guarantee reproducibility and comparability to other
groups, while reducing core-shell intermixing, which was observed in chapter 4,
where a simpler synthesis technique was applied. The results were compared to
micrometer-sized bulk powders with the same or similar doping concentrations.
The NC were excited at 978 nm for the Yb3+ and UC emissions as well as at
375 nm for the direct excitation of the Er3+ ions.
I laid special focus on the green and red emissions of Er3+ at 540 nm and 655 nm,
respectively, and found strong evidence for the previously-reported BET populating the red emissive 4 F9/2 state of Er3+ [56]. My decay measurements show
that this BET is fast and efficient, completely eradicating the rise I observed in
the single-doped ErNC decay curves, where the red emissive level is populated
without BET and through several slow NRR steps. The choice of excitation
wavelength is crucial for a valid comparison.
I have also shown that Yb3+ is distinctly more prone to surface quenching than
Er3+ because of the higher concentration and the strong EM effect: In my simplified random walk simulation of UCNC, I find a mean pathlength of the excitation
of 100 nm and above, greatly exceeding the particle size. Due to the high quenching ability of surface defects and surface ligands, shielding the excited states
from these quenching centers is of the highest priority for efficient NC with long
τint and high ΦUC . Encasing the NC with an inert NaYF4 shell produces more
promising surface passivation than size increase, because of the tremenduous
mobility of the excitation.
I was able to separate size-related quenching into suface-related and volumerelated effects on the overall emission of the particles and backed my findings
with a quenching layer model, indicating the relevant influence of -CH vibrations
on the red-emissive 4 F9/2 state of Er3+ , and a random walk simulation, giving
strong evidence for a volume-related size effect. The quenching layer effect is
attributed to different Förster radii for the respective ET processes to quenchers
located at the particle surface, while the volume effect is governed by the total
number of Ln3+ ions. To confirm the validity of the quenching layer model,
in which the surface ligands act as quenchers for our dry particles, the decay
measurements could be repeated after removing the ligands. The ligand-free
NC should display longer lifetimes if the assumptions from the quenching layer
model are accurate. Otherwise, surface defects and not ligands could be the
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primary source for surface quenching.
I find different green-to-red intensity ratios both in time-resolved and in Pdependent measurements. It is especially impressive that the P-dependent data,
which were simulated in a simple Monte Carlo model involving only three excited states of Er3+ , can be predicted from measurement results obtained on the
time scale quite accurately, as the experimentally-obtained radiative rates are
used as the only material-specific parameters in the model.
To improve the model even further and create more accurate results, the parameters need to be fine-tuned. For example, the quenching layer model and
the Monte Carlo simulation could be combined: The simulated particle could
comprise a quenching layer with radiative rates e.g. from the 7 nm unshelled NC,
and an unquenched core with radiative rates e.g. from the 7 nm NC with 3 nm
shell (or a new particle sample with even thicker shell), and the thickness of the
quenching layer could depend on the energy level of the respective excited ion.
Moreover, UCNCs with different doping concentrations could be simulated, adjusting the ET rates as well as introducing CR into the model, to predict optimal
doping concentrations for different applications, e.g. microscopy, multiplexing,
theranostics, etc.[133].
A further study together with the group of Prof. Haase and published by Homann
et al. in 2018[12] has shown how important a clean and thorough synthesis
procedure is for the creation of truly efficient UCNC, even if the new, now completely water-free synthesis method introduced by Homann et al. is much more
time-consuming than the standard procedures (such as thermal decomposition,
used for chapter 4) that were used in this chapter. Therefore, being able to
anticipate a promising particle size and doping concentration beforehand, instead
of trial-and-error synthesis, is even more important, as the production of one
batch of particles can take up to two weeks.
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In chapter 4, I established that luminescence surface quenching can efficiently
be suppressed by encasing the bare NC cores with an inert shell of the same
or similar crystal host. Thicker shells result in better surface passivating with
regard to UCL, but the band ratios of the emissive Er3+ bands are fundamentally
different from bulk emissions: The luminescence of ultrasmall Yb3+ ,Er3+ UCNC
with core diameters of (3.7 ± 0.5) nm originates largely from the green band of
Er3+ . In chapter 5, the same observation was made for 7 nm core particles with
shell thicknesses of up to 3 nm, which emit mostly green UCL, contrary to larger,
unshelled UCNC, which emit mostly red. Consequently, surface quenching of the
relevant emission bands was described by a quenching layer model, emphasizing
the need for high-quality shells of sufficient thickness. A second, size-related
and surface-independent quenching effect (volume effect), which is governed
by the total Ln3+ ion number in the active core, was described and analyzed: If
the number of activator ions is too little, even at sufficient surface passivation,
three-photonic excitation processes become unlikely.
In this chapter, the new synthesis method published by Homann et al. in 2018[12]
is applied for the particle synthesis, which was carried out by Kerstin Rücker
from Prof. Haase’s group at University of Osnabrück. The reason for this more
complicated and time-consuming synthesis method is the immense reduction of
defects, allowing reproducible measurements and investigations of the photophysical properties of these samples.
Core particles of approximately the same size (∼ 20 − 25 nm) are equipped with
inert shells of ∼ 10 nm thickness. With these improved particles, we aim to
increase Ln3+ doping without loss of efficiency - since recent reports studying
doping optimization investigate UCNC with no or only thin shells[124, 134–140],
which produces misleading results, because in this case, increased sensitizer doping concentrations quickly lead to increased EM to surface quenching centers,
causing a reduction of UCL. Other studies mention use of a shell, but not the
thickness thereof[141], or use thicker shells of at least 5 nm, but more compli-
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cated NC designs[142], or the study was conducted on microrods instead of
NC[104]. Ma et al. use shell thicknesses of up to 7.2 nm, but vary core size
and Yb3+ doping simultaneously[143]. Johnson et al. and Tian et al. use shell
thicknesses of 10 nm and 8 nm, respectively, and find little surface quenching
for their particles[144, 145]. Tian et al. do not report ΦUC [145], Johnson et al.
report ΦUC of 5.2 ± 0.3 % at 10 W/cm2 for their NaErF4 UCNC with 15 nm core
and 10 nm shell, measured as dispersion in toluene[144].
In my studies, I find that an increased Yb3+ content in the active core produces
UCNC with very high ΦUC and an extremely high red relative emission intensity.
Surface quenching is completely deactivated and the τint measurements yield
very comparable results. The powdered samples reach ΦUC of 6.9 % even for the
core-shell sample with 98 % Yb3+ content (4.3 % in hexane).
Moreover, for increased Er3+ concentrations, despite evidence for CR, the UCNC
still maintain comparably high ΦUC of 1.1 % for the 60 %Yb3+ , 40 %Er3+ coreshell sample (both as powder and in n-hexane), and 7.3 % for the powdered
60 %Yb3+ , 2 %Er3+ sample (4.7 % in n-hexane).
The contents of this chapter are based on the submitted publication manuscript
by Würth et al. from 2021[146].

6.1. Samples
In the first study in this chapter, the Yb3+ concentration will be increased from
the commonly-used 20 % to 40, 60 and 98 %, while the Er3+ concentration is
maintained at 2 % (Yb3+ series). In the second study of this chapter, the Er3+
concentration will be increased from the usual 2 % to 10, 20, and 40 %, while the
Yb3+ concentration remains at 60 % (Er3+ series). When the typical 20 %Yb3+ ,
2 % Er3+ doping is used, the lattice mismatch between the doped core and the
undoped shell is expected to be negligible[3], and shelling with inert β -NaYF4
usually yields adequate results. When the Yb3+ or Er3+ doping concentration
is increased as drastically as in this chapter, the strain at the core-shell interface
might lead to unwanted quenching centers[147]. To circumvent this pitfall, Lu3+
is doped into the shell in the same percentage as the sum of Yb3+ and Er3+
doping in the core to compensate the lattice mismatch between core and shell,
since Lu3+ and Yb3+ have very similar ionic radii (cf. Tab. 1.2 of page 6).

Notation To facilitate the nomenclature of the samples, I will refer to each core
sample as X/Y , and to each core-shell sample as X/Y @(X +Y ), with X being
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the Yb3+ doping in % and Y the Er3+ doping in %. For example, the core sample
with 20 % Yb3+ and 2 % Er3+ doping is abbreviated to 20/2. The corresponding
core-shell sample will be abbreviated to 20/2@22, since the Lu3+ concentration
in the shell (X +Y ) is equal to the sum of the Er3+ and Yb3+ concentrations in
the core. With this core-shell notation, I am following common practice in the
UC community by denoting the shell doping following the doping of the core,
divided by an “@”.
I did time-resolved optical spectroscopy using the FLS980 (cf. Sec. 2.2.1) with
375 nm and 978 nm excitation for the determination of the intensity-weighted
mean lifetimes τint . For the discussion of P-dependent steady-state relative emissions and ΦUC , the data were acquired from the custom-built integrating sphere
setup using 976 nm exitation (cf. Sec. 2.2.3).
The samples used in these two studies are given in Tab. 6.1. TEM images, which
were used for the determination of the sizes in Tab. 6.1, are presented in the
appendix in Fig.’s A.3 and A.4 from page 140 on. The TEM measurements
were carried out by Hennig Eickmeier from University of Osnabrück and the
size determination was conducted by my master student, Monica Pons from
Humboldt University of Berlin, with the software JImage. The decay measurements were carried out by Monica Pons as part of her Master studies at
BAM, under my scientific supervision and the academic supervision of Prof.
Dr. Oliver Benson from Humboldt University of Berlin. The P-dependent
measurements were carried out by both Monica Pons and I. The results are
compared to the same bulk material also used in the previous chapters, Krämer’s
(“KK’s”) β -NaYF4 : 18%Yb3+ , 2%Er3+ bulk powder, which was first introduced
in chapter 3.
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Sample
Sample Name
Doping
Diameter
d [nm]
KR_517_cb_95 20/2
21.0 ± 1.2
KR_519_cs_120 20/2@22
39.8 ± 4.4
KR_520_cb_95 40/2
19.9 ± 0.8
KR_522_cs_100 40/2@42
43.0 ± 3.6
KR_497_cb_80 60/2
18.8 ± 0.8
KR_500_cs_65
60/2@62
38.4 ± 2.1
KR_501_cb_60 98/2
18.5 ± 2.2
KR_505_cs_80
98/2@100 41.5 ± 3.4
KR_526_cb_110 60/10
25.9 ± 1.0
KR_527_cs_125 60/10@70 49.6 ± 2.7
KR_528_cb_115 60/20
18.5 ± 0.9
KR_530_cs_125 60/20@80 38.8 ± 1.7
KR_531_cb_125 60/40
17.4 ± 0.8
KR_533_cs_125 60/40@100 37.6 ± 1.4

Shell
Thickness
dS [nm]
—
9.4 ± 2.3
—
11.6 ± 1.8
—
9.8 ± 1.1
—
11.5 ± 2.0
—
11.9 ± 1.4
—
10.2 ± 1.0
—
10.1 ± 0.8

Table 6.1.: Diameters and shell thicknesses of the samples used in these two studies:
increased Yb3+ doping while maintaining 2 % Er3+ doping (Yb3+ series,
upper panel) and increased Er3+ doping while maintaining 60 % Yb3+ doping
(Er3+ series, lower panel). The 60/2 and 60/2@62 samples in the Yb3+
series are also part of the Er3+ series. The notation introduced in Sec. 6.1 on
page 93 is used. The shell thicknesses are calculated from the differences
of the diameters of the core-only and the core-shell samples. All sizes are
determined from TEM measurements performed by Hennig Eickmeier from
University of Osnabrück. Size determinations were performed by Monica
Pons using the software JImage.
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6.2. Decay Kinetics (Yb3+ series)
To start the measurement discussion, I assess the decay curves, acquired at the
FLS980 fluorospectrometer described in Sec. 2.2.1, and the resultung intensityweighted mean lifetimes τint , obtained using the Edinburgh software FAST,
described in Sec. 2.2.1.

Green emission Fig. 6.1 displays the green emission of Er3+ 4 S3/2 → 4 I15/2 ,


detected at λem = 541 nm
 and excited at λex = 375 nm Fig. 6.1(a) and at
λex = 978 nm Fig. 6.1(b) . The graph for the 20/2@22 NC is displayed in black,
the 42/2@42 in red, the 60/2@62 in green, and the 98/2@100 in blue. The
respective core-only NC are displayed in a darker tone of the same color (gray
for the 20/2). The doping concentrations and τint of each curve are stated next
to the data points in the same color. The results from bulk are included in black
lines.

At UV excitation Fig. 6.1(a) , the short decay components of all decays (including bulk) appear comparable, but all shelled NC exhibit larger long decay
components and larger τint than the UC-Bulk, even the 20/2@22, whose doping
is very similar to the 18/2 of the bulk. This was already discussed in Sec. 3.4 and
similar observations have been made in chapters 4 and 5 for NC with thick shells;
it appears to be an unknown effect regarding the bulk material. It is possible that
the intrinsic lifetime of the energy level is indeed unchanged, but back-transfer
or back-feeding processes are favored by the NC structure in comparison to
the bulk material. This is apparently slightly enhanced by larger Yb3+ doping
concentrations. This left aside, the shelled UCNC all have similar lifetimes and
decays, with increasing τint as the Yb3+ concentration increases, whereas τint
actually decreases with increasing Yb3+ concentration for the unshelled UCNC.
This is a first indicator for the very high quality of the shells with this new,
water-free synthesis route[12]. 
At NIR excitation Fig. 6.1(b) , the shelled UCNC display almost identical
decay graphs and τint , with small differences in the rise behaviour, which is more
prominent for lower Yb3+ doping. The bulk emission displays a long component
that the NC are missing.
 The unshelled NC display similar decays as under UV
excitation Fig. 6.1(a) . In summary, the difference between the decay curves of
the shelled NC is negligible at both excitation wavelengths, which points towards
the excellent shells, preventing surface quenching even at 98 % Yb3+ doping. In
chapter 5, the quenching layers of the green and red Er3+ emissions at 2 % Er3+
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Figure 6.1.: Decays of the green-emissive Er3+ band, recorded at λem = 541 nm, of
β -NaYF4 : X%Yb3+ , 2%Er3+ @β -NaYF4 : (X + 2)%Lu3+ UCNC, with the
Yb3+ doping X ∈ {20, 40, 60, 98}. Core-shell UCNC are displayed as data
points in bright colors, indicated in the graph by X/2@(X + 2), and the
corresponding core-only UCNC are displayed in a similar, darker color,
indicated in the graph by X/2. τint is given in the same color as the respective data. In (a), the UCNC are excited at λex = 375 nm (direct excitation
of the Er3+ ions), in (b), the UCNC are excited at λex = 978 nm (direct
excitation of the Yb3+ ions and successive ETU). All UCNC samples were
dispersed in n-hexane. Bulk, indicated in black lines, was measured as
powder. UCNC measurements and τint fits were carried out by Monica
Pons.

doping were estimated at 2 nm and 3-4 nm, respectively, which corresponds well
with the observed similarites of the decay curves from the Yb3+ series, in which
the UCNC are equipped with shells of ∼10 nm thickness.

Red emission In Fig. 6.2, the time-resolved data from the red-emission of Er3+
4F
9/2

→ 4 I15/2 is displayed, alongside the bulk data, with the same notation
as in Fig. 6.1. In these graphs, no significant differences within the unshelled
nor within the shelled UCNC are observed as the Yb3+ doping is varied. They
all display similar τint : ∼100 µs for the unshelled UCNC at 375 nm excitation,
∼350 µs for the core-shell UCNC at 375 nm excitation, ∼100 µs for the unshelled
UCNC at 978 nm excitation, and ∼640 µs for the core-shell UCNC at 978 nm
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Figure 6.2.: Time-resolved emissions of the red-emissive Er3+ band 4 F9/2 → 4 I15/2
of β -NaYF4 : X%Yb3+ , 2%Er3+ @β -NaYF4 : (X + 2)%Lu3+ , with the Yb3+
concentration X ∈ {20, 40, 60, 98}, recorded at λem = 654 nm. Core-shell
UCNC are displayed by data points in bright colors, indicated in the graph
by X/2@(X + 2), and the corresponding core-only UCNC are displayed in
a similar, darker color, indicated in the graph by X/2, with the respective
τint given in the graph in the same color as the data points. In (a), the UCNC
are excited at λex = 375 nm (direct excitation of the Er3+ ions), in (b), the
UCNC are excited at λex = 978 nm (direct excitation of the Yb3+ ions and
successive ETU). All UCNC samples were dispersed in n-hexane. Bulk
(displayed in black lines) was measured as powder. UCNC measurements
and τint fits were conducted by Monica Pons.

excitation. Only the 20/2@22 sample at 978 nm excitation is different; its decay
curve overlays with the bulk curve.

At 375 nm excitation Fig. 6.2(a) , the NC decays are shorter than the decay of the
bulk material, even in the time range of a short decay component. This
 behaviour
changes as the samples are excited at λex = 978 nm Fig. 6.2(b) , illustrating
that not the intrinsic emissions (properties of the activator ions themselves) are
measured, but a combination of several contributing factors stemming from the
immediate environment (crystal lattice, ET to or from neighboring ions, etc.),
which results in non-negligible deviations from one measurement to another,
such as changing the excitation wavelength.

Contrary to the green emission Fig. 6.1 , all red decays are shorter than or equal
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to the bulk material. The data in Fig. 6.2 confirm the excellent surface passivating
effect of the shells.

6.3. Decay Kinetics (Er3+ series)
After the discussion of the green and red Er3+ emissions of the UCNC from the
Yb3+ series, I am first analyzing the same emissions for the Er3+ series, before
comparing the Yb3+ lifetimes of both.


Figure 6.3.: Decays at λem = 541 nm of the green Er3+ level 4 S3/2 → 4 I15/2 of
β -NaYF4 : 60%Yb3+ , Y %Er3+ @β -NaYF4 : (60 +Y )%Lu3+ , with the Er3+
doping X ∈ {2, 10, 20, 40}. Core-shell UCNC are displayed as data points
in bright colors, indicated in the graph by 60/Y @(60 +Y ), and the corresponding core-only UCNC are displayed in a similar, more pellucid color,
indicated in the graph by 60/X. The respective τint is given in the graph
in the same color as the corresponding data points. In (a), the UCNC are
excited at λex = 375 nm (direct excitation of the Er3+ ions); in (b), the
UCNC are excited at λex = 978 nm (direct excitation of the Yb3+ ions and
successive ETU). All UCNC samples were dispersed in n-hexane. The
bulk material (displayed in black lines) was measured as powder. UCNC
measurements and τint fits were carried out by Monica Pons.
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Green emission Fig. 6.3 displays the green Er3+ emission 4 S3/2 → 4 I15/2 of


the UCNC with 60 % Yb3+ doping and Y % Er3+ doping, with Y ∈ {2, 10, 20, 40}.
The notation introduced on page 93 is used in the graph. The green emission of
Er3+ is detected at λem = 541 nmupon excitation at λex = 375 nm Fig. 6.3(a)
and at λex = 978 nm Fig. 6.3(b) . The doping concentrations and τint of each
dataset are indicated in the graph in the same color of the data points. The bulk
material is used as a reference and included in the graphs in black lines, while
NC data are presented as dots. In accordance with the observations made in
Sec. 6.2, the bulk material displays shorter decaysand smaller τint than any of
the shelled UCNC at 375 nm excitation Fig. 6.3(a) . However, the decays under
NIR excitation
are significantly different from the ones for the Yb3+ series cf.

Fig. 6.1(b) : The sample with the lowest Er3+ concentration, 60/2@62, displays
the longest, seemingly mono-exponential decay. The second-lowest Er3+ doped
sample, 60/10@70, displays a short decay component (steep decrease of the
decay curve at short times), which becomes more prominent with increasing
Er3+ concentration. This fast deactivation of the 4 S3/2 state of Er3+ has not been
observed in the previous studies of this thesis. It alludes to CR, which has been
reported by other groups for comparably high Er3+ concentrations[3, 104, 148].
The decay curves of the core-shell UCNC with elevated Er3+ doping (at least
10 %) display a similar long lifetime component at 978 nm excitation, longer than
the 20/2@22 sample and comparable to KK’s bulk.

Red emission The red emission of Er3+ from the NC of the Er3+ series, dis-

3+
played in Fig. 6.4, is not as straight-forward
 as for the Yb series discussed in
Sec. 6.2. At 375 nm excitation Fig. 6.4(a) , the bulk lifetime is surpassed by the
60/10@70 and 60/20@80 core-shell UCNC, which both display a short decay
component similar to the bulk material, and develop a very large long decay
component which is missing in all other samples here. There is obviously some
sort of long feeding process for the 4 F9/2 state of Er3+ that is very efficient at
10-20 % Er3+ concentration, but not at 40 % Er3+ concentration, which lacks this
long component completely and decays even faster than the 60/2@62 UCNC at
375 nm excitation. A possible explanation is coupling to lower energy levels: At
low Er3+ concentrations, back-coupling is low. At higher concentrations, backcoupling becomes more efficient, increasing τint . At even higher concentrations,
such as the 40 % Er3+ used here, back-coupling is still increased, but the high
concentration quenching depletes the lower-lying energy levels, rendering the
back-coupling process inefficient.
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Figure 6.4.: Decays of the red-emissive Er3+ band 4 F9/2 → 4 I15/2 at λem = 654 nm
of β -NaYF4 : 60%Yb3+ , Y %Er3+ @β -NaYF4 : (60 +Y )%Lu3+ , with Er3+
doping X ∈ {2, 10, 20, 40}. Core-shell UCNC are displayed s data points
in bright colors, indicated in the graph by 60/Y @(60 +Y ), and the corresponding core-only UCNC are displayed in a similar, more pellucid color,
indicated in the graph by 60/Y , with the respective τint in the graph the same
color as the data points. In (a), the UCNC are excited at λex = 375 nm (direct
excitation of the Er3+ ions), in (b), the UCNC are excited at λex = 978 nm
(direct excitation of the Yb3+ ions and successive ETU). All UCNC samples
were dispersed in n-hexane. The bulk material (displayed in black lines)
was measured as powder. All UCNC measurements and lifetime fits were
carried out by Monica Pons.


At λex = 978 nm Fig. 6.4(b) , the core-shell samples with the highest Er3+
doping (60/20@80 and 60/40@100) display very large long lifetime components,
whereas the 60/10@70 sample is only showing a delicate trace of such a long
component. The 60/2@62 sample decays slightly faster than the bulk material.
This is not at all a contradiction to the behaviour observed in Fig. 6.4(a), because
at λex = 978 nm, the lower-lying energy levels are constantly fed by ET from
Yb3+ . Thus, the 60/40@100 and 60/20@80 samples display a longer decay
than the 60/10@70 sample. All curves of core-shell NC display a long rise,
which is typical for the red emission at NIR excitation, but contrary to the Yb3+
series at 978 nm excitation and 654 nm emission, the decay curves of the Er3+
doping series have different shapes, indicating much more complex ET and
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CR processes involved at high Er3+ content, one of which was suggested here.
This is an indicator that increased Er3+ doping results mainly in CR and not
only in facilitated EM, like increased Yb3+ doping does: Surface quenching can
sufficiently be passivated with an inert shell of sufficient thickness[3, 5, 12, 88],
but CR takes place between two neighboring ions anywhere in the particle. Thus,
CR is not affected by the surface, only by the activator concentration, and is
therefore observable in the samples from the Er3+ series, but not in the samples
from the Yb3+ series.

6.4. Decay Kinetics (Yb3+ and Er3+ series):
Yb3+ emission
Next, I investigated the Yb3+ emission at 1000 nm at 978 nm excitation. In
chapters 4 and 5, the Yb3+ emission was measured at 940 nm, until I switched to
1000 nm because the intensity at 1000 nm is higher than at 940 nm, increasing
signal-to-noise ratios and reducing measurement times. Fig. A.8 in the appendix
on page 145 illustrates that both emission wavelengths correspond to the same
Yb3+ transition, and the results are interchangeable.
The 1000 nm decays of the Yb3+ and Er3+ series are displayed in Fig. 6.5(a) and
(b), respectively, with the previously-used color code and notation.

Yb3+ series The samples from the Yb3+ series Fig. 6.5(a) display almost identical, almost monoexponential decay curves and have τint of ∼1.7 ms, which
amounts to half of the bulk lifetime of 3.4 ms. Evidently, increased quenching
at high concentrations of Yb3+ ions is solely present at insufficiently passivated
particle surfaces, and the Yb3+ ion does not partake in “real” concentration
quenching: An increased Yb3+ concentration is reported to cause efficiency
losses[149], but the reason for these losses is simply the EM to quenching centers
at the particle surface, which is more efficient at smaller interionic distances, but
the high concentration itself is not the source of the losses. Actual concentration
quenching comprises additional energy loss channels throughout the particle
volume, such as CR[121], and cannot be overcome by surface passivation, as
observed in Sec. 6.3 for elevated Er3+ concentrations. By adequately passivating
the surface of the NC from the Yb3+ series, no effect on τint is observed, excluding concentration quenching as a possible Yb3+ -related quenching mechanism.
The decays shown in Fig. 6.5(a) illustrate clearly that a thick-enough shell of
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Figure 6.5.: Decay curves of the Yb3+ emission 2 F5/2 → 2 F7/2 overlayed

with the Er3+ emission 4 I11/2 → 4 I15/2 at λem = 1000 nm of
β -NaYF4 : X%Yb3+ , Y %Er3+ @β -NaYF4 : (X + Y )%Lu3+ , with X and Y
given in the graph together with τint . Core-shell UCNC are displayed as
data points in bright colors, indicated in the graph by X/Y @(X +Y ), and
the corresponding core-only UCNC are displayed in a similar, softer color,
indicated in the graph by X/Y . The UCNC are excited at λex = 978 nm
(direct excitation of the Yb3+ ions and successive ETU). In a) the samples
from the Yb3+ doping series are displayed, and b) shows the samples from
the Er3+ doping series. All UCNC samples were dispersed in n-hexane.
The bulk material (displayed as black lines) was measured as powder. All
UCNC measurements and lifetime fits were carried out by Monica Pons.
NC data also shown in Fig. 3 of [146].

high quality completely deactivates surface quenching of Yb3+ ions. The τint
of the core-only 98/2 NC is 25-fold smaller than τint of the 20/2 NC, due to
tremenduously enhanced ET rates at the elevated Yb3+ concentration, but all
core-shell NC yield the same τint .

Er3+ series The samples from the Er3+ series show abehaviour similar to the

654 nm emission at 978 nm excitation cf. Fig. 6.4(b) , namely an immediate
sharp decrease of the decay curve, or a prominent short decay component, for all
samples with Er3+ doping of at least 10 %. The 60/20@80 and the 60/40@100
decay curves have roughly the same shape; for the 60/10@70, the steep decrease

102

6.5. Quantum Yields and Relative Emission Intensities (Yb3+ series)
is slightly less prominent. At long times, the three samples with increased
Er3+ content display a long component similar to the bulk decay and most
definitely longer than the 60/2@62 sample. Due to the increased Er3+ content,
increased BET rates are expected, and the curves presented
do
 in Fig. 6.5(b) 3+
2
2
not only originate from the emission of the F5/2 → F7/2 transition of Yb ,

but overlay with the 4 I11/2 → 4 I15/2 transition of Er3+ , which is detectable
at ∼1000 nm as well and is usually neglected due to the low Er3+ doping of
typically 2 % and the lower Er3+ absorption cross section compared to Yb3+ [3].
Here, at higher Er3+ doping, a contribution of an Er3+ emission is reasonable
and could account for the long decay component at high Er3+ concentrations.

6.5. Quantum Yields and Relative Emission
Intensities (Yb3+ series)
After the conduction of the thorough decay and τint analysis, I will complete
the doping investigation with P-dependent measurements, producing ΦUC and
relative emission intensities. The measurements at the integrating sphere setup
(cf. Sec. 2.2.3) were done both in n-hexane and as powders. For the dispersed
samples, it was possible to utilize higher P than for the powdered samples,
because of the better heat transport of solvents.
ΦUC The ΦUC results of the Yb3+ series are presented in Fig. 6.6 with the same
color code as before black
 for 20/2@22, red for 40/2@42, green for 60/2@62,
and blue for 98/2@100 . The powdered samples are displayed in bright colors
and the dispersed samples in pellucid tones of the same colors. Also displayed
are the measurement results from two unshelled samples, namely the 20/2 and the
40/2 sample, in open symbols, as well as KK’s 18/2 bulk material in cyan. The
unshelled samples were not provided as powders and thus were only measured
dispersed in hexane. The bulk, which cannot be dispersed due to its micrometer
size, is only available in powdered form and measured as such. The powdered
samples have an overall higher ΦUC than the samples in dispersion. At the
highest measured P, the quantum efficiency of the powdered samples decreases,
while the dispersed UCNC remain a rather constant ΦUC at P & 20 W/cm2 . The
ΦUC decrease at high P of the dry samples is likely not intrinsically physical,
but rather a heating effect, which is amplified by a higher Yb3+ concentration,
corresponding to a higher absorbance.
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Figure 6.6.: ΦUC of β -NaYF4 : X%Yb3+ , 2%Er3+ @β -NaYF4 : (X+2)%Lu3+ with Yb3+
doping X ∈ {20, 40, 60, 98}, indicated in the graph by X/2@(X + 2) for the
core-shell UCNC and by X/2 for the unshelled core-only UCNC. NC measured as powder are displayed in bright colors, NC dispersed in n-hexane
are displayed in pellucid colors. Also shown in cyan is the ΦUC of the
β -NaYF4 : 18%Yb3+ , 2%Er3+ powdered bulk material (KK’s bulk). While
the unshelled samples show very low ΦUC , the shelled UCNC display almost identical ΦUC several orders of magnitude higher. The core-shell
UCNC dispersed in hexane dispay a lower ΦUC than the ones in powder,
which overlay with the bulk results. NC powder data also shown in Fig. 2
a) of [146].

Overall, the difference between the different dopings is astonishingly minimal.
The 20/2@22 sample in hexane (black, pellucid) has a lower ΦUC than the
40/2@42 (red) and the 60/2@62 (green) at lower P, but increases more at high P.
The 98/2@100 (blue) in hexane has an overall lower ΦUC than the 40/2@42 and
the 60/2@62, but not significantly lower. The powdered samples all show very
similar results at low P, and decrease more strongly at high P with increasing
Yb3+ content. Interestingly, ΦUC of the bulk powder (displayed in cyan) overlays
with that of the NC.
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The quantum yields of the 20/2 core sample (black, open symbols) is several
orders of magnitude lower than for any of the shelled samples, and the 40/2 core
sample (red, open symbols) produces an even lower ΦUC , because of the higher
Yb3+ concentration, which facilitates ET to the unprotected surface, where the
energy is quenched. The 60/2 and 98/2 core samples were not measured due to
their expected low ΦUC . The maximum ΦUC values for each sample are given in
Tab. 6.2, together with the P at which they are obtained.
In Fig. 5.4 (page 65), the Förster radius of the ET from Yb3+ to surface quenchers
Doping

20/2
40/2
20/2@22
40/2@42
60/2@62
98/2@100
18/2 (bulk)

max. ΦUC
[%]
(hexane)
0.113 ± 0.002
0.0095 ± 0.0002
5.5 ± 1.0
5.2 ± 0.2
4.9 ± 0.1
4.28 ± 0.05
—

P@
max. ΦUC
[W/cm2 ]
474
473
348
153
128
473
—

max. ΦUC
[%]

P@
max. ΦUC
[W/cm2 ]
(powder)
—
—
—
—
9.5 ± 0.5
52.3
8.3 ± 0.2
24.2
7.3 ± 0.6
27.6
6.9 ± 0.2
14.7
9.25 ± 0.09
18.5

Table 6.2.: Maximum ΦUC of the powdered and dispersed samples from the Yb3+ doping series and the P values at which the max. ΦUC are observed. The doping
of the β -NaYF4 NC is given as X/2@(X + 2), where X represents the Yb3+
doping, 2 is the Er3+ doping (not varied in this study), and (X + 2) is the
Lu3+ doping of the β -NaYF4 shell, to compensate the lattice strain at the
core-shell interface caused by the different ionic radii of Yb3+ and Y+3 . The
doping of unshelled core samples is given by X/2. The uncertainties are
standard deviations from several measurement repititions. The maximum
ΦUC of powdered samples is higher than that for dispersed NC, and the bulk
ΦUC is in the same range as that for powdered core-shell NC.

was estimated to be ∼ 5 − 9 nm, even though this estimation was incomplete
due to the non-negligible EM of the excitation. However, these findings are in
accordance with the observed surface passivating effect, as the shell thickness of
∼10 nm amounts to 1-2 R0 . Therefore, the observed ΦUC reduction in solvent
must have another reason besides surface quenching.
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Relative emission intensities For a more complete picture of the P-dependent

population dynamics, the relative emission intensities of the emissive Er3+ bands
are computed in accordance with Sec. 2.2.3. The results are displayed in Fig. 6.7.

Figure 6.7.: P-dependent relative emission intensities from the Yb3+ series:
β -NaYF4 : X%Yb3+ , 2%Er3+ @β -NaYF4 : (X + 2)%Lu3+ with Yb3+ doping X ∈ {20, 40, 60, 98}, indicated in the panels by X/2@(X + 2), and of
β -NaYF4 : 18%Yb3+ , 2%Er3+ bulk powder. Measurements of the NC were
carried out as powder and in dispersion. UCNC measured as powder are
displayed in bright colors, UCNC dispersed in cyclohexane are displayed in
pellucid colors. For all samples and environments, the red emission of Er3+
surpasses all other bands at a value of P which decreases with increasing
Yb3+ doping. The green emission of Er3+ is highest at low P and the second
most pronounced band at high P. NC powder data also shown in Fig. 2 b)
of [146].

The powder measurements are indicated by bright colors, the measurements in
hexane by pellucid colors in Fig. 6.7. Evidently, the red emission is the most
prominently populated emissive band of Er3+ in these NC at high P for both
environments. For increasing Yb3+ doping, the red emission of Er3+ surpasses
all other emissive bands at decreasing P. The 98/2@100 sample reaches 89 %
of the overall emission when measured as powder and 88 % when dispersed
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in in hexane. The 810 nm NIR band 4 I9/2 → 4 I15/2 (displayed in brown),
which is an indicator for quenching, is very low in all samples, illustrating the
excellent passivation by the shells, in accordance with the findings in Sec. 6.4.
This was expexted due to the very high
 observed ΦUC . The green emissive
3+
2
4
4
band of Er
H11/2 , S3/2 → I15/2 is the second-brightest band at high P
and the brightest at low P in all samples. The 845 nm NIR band of Er3+ 4 S3/2

→ 4 I13/2 , which originates from the same energetic level as the green Er3+
emission, displays a lower relative emission than the green emissive band, but
of approximately the same shape. The blue Er3+ emission is very low in all
samples, including the bulk, indicating that the population of the red band of Er3+
is the exceedingly more efficient three-photonic population process in Yb3+ , Er3+
co-doped UC materials. Overall, the relative emission curves of the powdered
samples and the dispersed samples have the same shapes, but the curves of the
powdered samples (bright colors) are shifted to lower P, showing that dried
samples are more efficient than dispersed NC, possibly due to increased local P
caused by scattering. Kaiser et al. measured absolute ΦUC at 20 W/cm2 of 25 nm
β -NaYF4 : 17%Yb3+ , 3%Er3+ core-NC and observed a 3.3-times higher ΦUC
of UCNC powders than dispersed in toluene[9]. Astoundingly, solvents, even
organic solvents like hexane or toluene that do not exhibit -OH groups, could
act as luminescence quenchers, even though the lifetime analysis has shown
that the surface is completely passivated. Contrary to the ΦUC analysis, the
relative emission intensities of all observed bands are only shifted along the P
axis, but saturation occurs at very similar relative intensities. Since the offset to
the powder curves along the P axis appears to be independent of P, heating is an
unlikely cause for this effect. Locally increased P due to scattering are a likely
explanation.
Comparing with the relative emission intensities found in chapter 5 in Sec. 5.8,
displayed comprehensively in Fig. A.11 on page 150 in the appendix, the relative
red emission intensity of the samples with high Yb3+ doping exceeds that of the
larger, unshelled 30 nm powdered UCNC from chapter 5. At low P of 0.7 W/cm2 ,
the green and red relative emissions of the 30 nm unshelled UCNC both amount
to ∼38 % of the overall emission, and at high P of 56 W/cm2 , the red emission
increases to ∼65 %. This places the data of the 30 nm unshelled NC (20/2 doping,
but different synthesis) somewhere in between
the 20/2@22 and the 40/2@42

samples Fig. 6.7(b) and (c), respectively . However, estimating the number
of excited Yb3+ ions per particle and per ms (Nex ) using Eq. (1.3) on page 5,
displayed in Tab. 6.3, the 30 nm UCNC displays the second-highest Nex .
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Sample
Nex [ms−1 ]
20/2 (30 nm unshelled) 182 ± 36
20/2@22 (this study)
62 ± 11
40/2@42 (this study)
106 ± 13
60/2@62 (this study)
134 ± 17
98/2@100 (this study)
209 ± 74
Table 6.3.: Number of excited Yb3+ ions per particle and per ms, Nex , estimated according to Eq. (1.3) (page 5) at 56 W/cm2 for the 30 nm unshelled UCNC
from chapter 5 and the four core-shell UCNC from the Yb3+ series. The
uncertainties are Gaussian-propagated errors from the size determination.

Nex at 56 W/cm2 in the 30 nm UCNC is higher than in the 60/2@62 UCNC,
because the greater NC core size (UCNC in this chapter hase an active core of
∼20 nm) compensates the lower doping. Only the 98/2@100 UCNC has higher
Nex . This demonstrates that the use of a protective shell can greatly enhance UCL
properties. If the UCNC core is large enough and has enough active Ln3+ ions,
three-photonic population processes of Er3+ are verly likely and higher sensitizer
doping concentrations increase UCL without surface quenching.

6.6. Quantum Yields and Relative Emission
Intensities (Er3+ series)
The ΦUC results of UCNC from the Er3+ doping series are displayed in Fig. 6.8,
using the same color code as in Sec. 6.3. The bulk curves are included again in
cyan. The relative emission intensities are shown in Fig. 6.9. Powder samples
are displayed in bright colors, solvent measurements in pellucid colors of the
same tone.
ΦUC The 60/2@62 sample has the hightest ΦUC of all samples measured here.
In hexane, it displays saturation at P & 30 W/cm2 , whereas the 60/10@70 and
the 60/20@80 samples show increasing ΦUC within the measured P range. The
60/10@70 (4.1 %) almost surpasses ΦUC of the 60/2@62 (4.7 %) at the highest
measured P of ∼360 W/cm2 . Extrapolating to higher P, it is likely that the
60/10@70 sample will display even higher ΦUC , possibly even surpassing the
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Figure 6.8.: ΦUC of β -NaYF4 : 60%Yb3+ , Y %Er3+ @β -NaYF4 : (60 + Y )%Lu3+ with
Y ∈ {2, 10, 20, 40}, indicated in the graph by 60/Y @(60 + Y ). UCNC
were measured as powders (bright colors) and dispersed in n-hexane
(pellucid colors). Also included in cyan are the ΦUC data of the
β -NaYF4 : 18%Yb3+ , 2%Er3+ powdered bulk phosphor (KK’s bulk). Of all
NC, the 60/2@62 (green) displays the highest ΦUC in the entire measured
P range. The higher doped samples in n-hexane show a significant increase
in ΦUC at high P, especially the 60/10@70 sample (purple), indicating that
at even higher P, it might surpass the ΦUC of the 60/2@62 sample. All of
the powdered samples reach saturation within the P range used here. NC
powder data also shown in Fig. 2 c) of [146].

bulk material, which, of course, is a weak comparison due to the different doping
concentrations and environments. Nonetheless, if the measurement results are
accurate and reproducible, the 60/10@70 sample would be highly interesting for
microscopy. The 60/40@100 sample in hexane displays saturation similar to the
60/2@62, but at a significantly lower ΦUC of (1.1 %).
As powders, the Er3+ series samples display a different behaviour. Here, all
samples show saturation at P ≈ 20 W/cm2 . The increasing ΦUC of the 60/10@70
sample in hexane at high P is not reproduced for the powder measurement.
Contrary to the Yb3+ series, the samples with Er3+ content of at least 10 % do
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not reach higher ΦUC when measured as powder than they do in dispersion. The
maximum ΦUC of all samples from the Er3+ series are stated in Tab. 6.4.
Doping

60/2@62
60/10@70
60/20@80
60/40@100

max. ΦUC
[%]

P@
max. ΦUC
[W/cm2 ]
(hexane)
4.9 ± 0.1
128
4.10 ± 0.05
358
1.90 ± 0.02
357
1.10 ± 0.01
356

max. ΦUC
[%]

P@
max. ΦUC
[W/cm2 ]
(powder)
7.3 ± 0.6
27.6
4.00 ± 0.07
24.8
2.08 ± 0.09
24.7
1.1 ± 0.1
13.3

Table 6.4.: Maximum ΦUC of the powdered and dispersed samples from the Er3+ doping
series and the P values at which the max. ΦUC are observed. The doping of
the β -NaYF4 NC is given as 60/Y @(60 +Y ), where 60 is the Yb3+ doping
in % (not varied in this study), Y represents the Er3+ doping, and (60 +Y )
is the Lu3+ doping of the β -NaYF4 shell, to compensate the lattice strain at
the core-shell interface caused by the different ionic radii of Yb3+ , Er3+ and
Y3+ . The uncertainties are standard deviations from several measurement
repititions. The maximum ΦUC of powdered samples is higher than that for
dispersed NC and occurs at lower P.

As Tab. 6.4 shows, the maximum ΦUC of all powdered samples of the Er3+
series is reached at relatively low P of about 20 W/cm2 , while only the 60/2@62
sample in hexane reaches saturation within the P range of this measurement. The
maximum ΦUC of the higher-doped NC in hexane is found at the maximum P
used here, indicating that saturation will occur at even higher P for these samples.
This could make them interesting for applications in which generally higher P
are utilized, for example in microscopy.

Relative emission intensities The relative emission measurements, which are
displayed in Fig. 6.9, underline these results. The 60/2@62 sample displays the
brightest red Er3+ emission of all samples under consideration. The 60/10@70
shows an intermediate saturation of the red Er3+ emission followed by an increase
(and corresponding slight decrease of all other bands) at high P &100 W/cm2
only in hexane. The 60/10@70 sample shows an elevated 810 nm NIR band
4I
4
9/2 → I15/2 , displayed in brown, which becomes more pronounced as the
Er3+ doping in the samples increases. As the 810 nm band increases with grow-
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Figure 6.9.: Relative emissions of the UCNC from the Er3+ series,
β -NaYF4 : 60%Yb3+ , Y %Er3+ @β -NaYF4 : (60 + Y )%Lu3+
with
Y ∈ {2, 10, 20, 40}, indicated in the panels by 60/Y @(60 +Y ), as well as
KK’s bulk phosphor with 18 % Yb3+ doping and 2 % Er3+ doping. UCNC
were measured in n-hexane (pellucid colors) and as powders (bright colors).
For all samples, the red emission surpasses all other bands at a value of
P which decreases with incresing Er3+ doping and is below the P range
of our setup for Y ≥ 20. At low P and in hexane, the green emission is
highest for Y ∈ {2, 10} and the NIR emission centered at 810 nm (displayed
in dark brown) is highest for Y ∈ {20, 40}. The curves for the powder
measurements are observed at lower P relative to the hexane measurements.
NC powder data also shown in Fig. 2 d) of [146].

ing P, the green band and also the NIR band centered around 845 nm both
originating from the 4 S3/2 state of Er3+ decrease drastically. Usually, a high
relative emission of the 810 nm band indicates surface quenching, due to the
efficient non-radiative depopulation of all other emissive bands of Er3+ and
especially Yb3+ [20]. In this case, due to the thick shells, this can be excluded,
so CR is the only possible explanation: Evidently, the 810 nm band is populated
by Er3+ -Er3+ -ET and not through Yb3+ , because of its drastic relative increase
at high Er3+ concentrations.
This is in good agreement with the observations made upon analyzing the de-
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cays of the green emission at 978 nm excitation cf. Fig. 6.3(b) on page 98 ,
which showed a steep decrease of the green decay curve with increasing Er3+
doping. Evidently, the higher Er3+ doping and consequent shorter mean distances between Er3+ ions in the crystal lattice encourage CR, where the 4 S3/2
state is depopulated and the 4 I9/2 state is populated. A candidate for such a CR

process would be 4 S3/2 , 4 I13/2 → 4 I9/2 , 4 I9/2 , as recently suggested by Baride
et al.[150].
As the red Er3+ emission is reduced at high P in the 60/40@100 sample, the
green Er3+ emission slightly increases, but lags behind the NIR emission at
810 nm even for the highest measured P and in both environments.

6.7. Summary and Outlook
In this chapter, I was able to scratch the surface of the possibilities that are presented by high quality, thick shells, like the ones synthesized by the Haase group
of University of Osnabrück[12]. This synthesis method is more complicated
and time-consuming than conventional syntheses, but the results are overwhelming. Even at 98 % Yb3+ doping, the obtained ΦUC were only slightly reduced
compared to the sample with the usual 20 % Yb3+ doping, and the τint were
comparable or even longer, completely eradicating notions of surface quenching.
This illustrates the amazing quality of these inert shells, which were doped with
Lu3+ in the same amount as the sum of Yb3+ and Er3+ in the core, to compensate
the lattice mismatch at the core-shell interface, reducing the amount of possible
quenchers inside the particle. This in combination with the excellent water-free
synthesis developed by Homann et al.[12] yields these outperforming particles
from the Yb3+ series, which are largely free of surface quenchers. Only such
excellent NC enable a distinction of physical processes.
The second set of particles analysed in this chapter contains increased amounts of
Er3+ ions. These NC show only slightly reduced ΦUC and shorter τint compared
to samples with the typically-used 2 % Er3+ doping, which can be attributed to
CR processes due to the complicated energy scheme of the Er3+ ion (cf. Fig. 1.2).
The high red relative emission of all these particles allow for efficient UCL even
at low P, which is advantageuos for in-vivo spectroscopy, for example in theranostics. The different relative green and NIR (810 nm) emissions of the NC
with high Er3+ doping enxtend the use of these particles to multiplexing. The
very long lifetime component observed in these NC makes them interesting for
microscopy[134], to name just a few possible applications.
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Due to the reduced quenching, high-quality shells enable the use of higher doping concentrations than was previously thought feasible. However, it is yet to
determine an optimal doping concentration. Due to the observed volume effect (cf. chapter 5), this could be size dependent, as previously suggested by
Chan[133]. It would be very interesting to conduct more studies with more
doping concentrations, with Er3+ between 2-10 % and Yb3+ between 40-90 %
doping, to determine the best possible UCNC. Of course, the optimal doping can
be different for different applications[21, 56, 134, 140], so it would be preferable
to have an allrounder and several specialized NC at hand.
Moreover, there are further options for varying the Ln3+ doping, for example
introducing Nd3+ as an additional sensitizer to switch to the more beneficial
excitation wavelength range of 785-808 nm, which can be advantageous due to
the decreased absorption of water and tissue compared to 980 nm used for Yb3+
sensitization[41, 151–155]. As we could show in a study with Florian Frenzel
from BAM and Humboldt University of Berlin and Dr. Lisa-Marie Wiesholler
and Dr. Thomas Hirsch from University of Regensburg, the choice of laser
wavelength and Ln3+ doping are crucial to whether Yb3+ or Nd3+ is the more
suitable sensitizer[41].
Another possible variation is the crystal host. Instead of using NaYF4 , it is
possible to utilize LiYF4 , as demonstrated in a collaboration with Frederike Carl
and Leonie Birk from the Haase group in 2021[156]. The optimal doping for
this different matrix, which crystallizes in the tetragonal form as opposed to
the hexagonal β -NaYF4 , is not yet determined, and thus, improved ΦUC can be
expected upon doping optimization.
The observed processes at elevated Er3+ doping are not fully understood yet, but
utilizing and possibly expanding Berry’s rate equation model [56, 57, 59] could
help to narrow the processes down to one or two interactions, which could then
be incorporated into the random walk model introduced in chapter 5. Then, a
reliable prediction of the spectroscopic outcome could save time which would
otherwise be wasted on unnecessary trial runs in the lab, and the synthesis of
even better NC would be faster and more purposeful.
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In my doctoral thesis, I have investigated energy loss processes in Ln3+ -doped
upconversion (UC) nanocrystals (NC; UCNC). I have examined the luminescent
properties of various reporters from many different angles, such as lifetime and
decay measurements, steady-state power density (P)-dependent spectroscopy
(quantum yields and relative emission intensities), excitation scans, and comparisons to benchmark bulk materials.
In chapter 3, I investigated two β -NaYF4 : Yb3+ , Er3+ powder phosphors and
four SrF2 : Yb3+ , Er3+ single crystals regarding their UC properties. I found that
even though bulk materials are said to be independent of size effects, there are
still various differences to be considered, such as the crystal host matrix, the
doping concentrations, or even the synthetist. Two materials of very similar
composition (referred to as KK’s bulk and TJ’s bulk) yielded mostly differing
results, especially the Yb3+ decay, which is an indicator for quenching. Since
surface quenching is not relevant for bulk materials due to their large size, there
might be quenching centers within the crystal. Based on these findings, I decided
to use KK’s bulk as a reference for comparison for all further measurements.
In chapter 4, I investigated the surface quenching effect using ultrasmall NaGdF4
core NC of only (3.7 ± 0.5) nm with NaYF4 shell thicknesses between 0.1 nm
and 10 nm. Comparisons with KK’s bulk surprisingly showed a longer lifetime
of the green emission (375 nm excitation) of some of the better-passivated UCNC
samples than the bulk materials. This was not understood, but an explanation was
suggested: Coupling of the lower-energy levels to the green-emissive 4 S3/2 states
of Er3+ could be stronger in the NC than in the bulk material, which could be
responsible for the long lifetimes of this one emissive state at this one excitation
wavelength. The observed effect would occur again in a later study, excluding
measurement errors as the source. As coupling to surface ligands could be an
explanation, measurements on ligand-free NC would give interesting insight into
the matter at hand.
In the meantime, the ultrasmall NC shell series showed convincing systematic
increase of the intensity-weighted mean lifetime (τint ) and UC quantum yield
(ΦUC ) with increasing shell thickness, but no final value was reached, whereas
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the down-shifted quantum yield (ΦDS , weighted with the statistical uncertainty
from repitition measurements) peaked for a shell thickness of 5.5 nm. Since
the τint and ΦUC values for this medium shell thickness were fairly high, it
was concluded that ∼ 5 nm shell thickness were sufficient for these ultrasmall
UCNC to suppress surface quenching adequately and to combine visible (vis) and
short-wave infrared (SWIR) spectroscopy. Due to the linear increase and lack of
saturation found for the τint and ΦUC results, as well as the P-independence of the
green-to-red intensity ratio of the thicker-shelled NC, core-shell intermixing is
strongly assumed. The P-dependent measurements revealed a sole two-photonic
population of the red-emissive 4 F9/2 state of Er3+ from the 4 I13/2 state of Er3+ ,
even for the thickest shell of 10 nm, concluding that the number of luminescent
centers in the particle cores is not high enough for efficient three-photonic populations, which consequently requires a minimal number of active Ln3+ ions.
In chapter 5, I analyzed single- and co-doped β -NaYF4 NC systems with 20 %
Yb3+ and/or 2 % Er3+ doping, finding strong evidence for the previously-reported
back-energy transfer (BET) process populating the red-emissive 4 F9/2 state of
Er3+ . Using KK’s bulk as unquenched reference, a quenching layer model was
developed, which concluded that different emissive states of Er3+ have different Förster radii with regards to surface quenching by ligands. The study of
the shell series (encapsulating 7 nm core NC with inert shells of up to 3 nm
thickness) revealed a mostly green emission even at high P, while the unshelled
30 nm UCNC displayed a prominant red emission band for medium and high
P. The relative red emission was even higher than for KK’s bulk material. A
random walk model of the excitation on the single particle level supported the
proposed volume effect: The number of active Ln3+ ions in the core determines
the likelyhood for three-photonic populations of the red-emissive 4 F9/2 state of
Er3+ . The Ln3+ ion concentration was not varied here. TRES measurements
substantiated the different red and green emission behaviour of small, shelled
against large, unshelled UCNC. Therefore, I was enabled to distinguish between
surface-related quenching and surface-independent, volume-related population
routes affecting the particle emissions. Even though the volume effect is not
completely understood, its existence is undoubtedly shown here, and can help
understand UC luminescence (UCL) in smaller and larger UCNC, possibly leading to UCNC with tailored band ratios.
Finally, in chapter 6, I investigated two more series of UCNC, one with elevated
Yb3+ content (Yb3+ series) and one with elevated Yb3+ and Er3+ content (Er3+
series), synthesized with an improved method developed by Homann et al.[12],
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where the shell is doped with Lu3+ in the same concentration as the sum of
Yb3+ and Er3+ concentration in the core, countersteering lattice strain at the
core-shell interface, and reducing the amount of incorporated -OH groups during
the synthesis. The shell thickness of these UCNC is equal to the core radius.
The Yb3+ series yielded almost identical τint and ΦUC for Yb3+ dopings of up
to 98 %, emphasizing the high quality of these shells. With increasing Yb3+
content, the red emission was populated more potently, owing to the decreased
interionic distances and therefore drastically increased energy transfer (ET) rates.
With increasing Er3+ content, evidence for cross-relaxation (CR) emerged, while
maintaining fairly high ΦUC . All core-shell samples from these two series exhibit
a longer τint for the green emission at 375 nm than KK’s bulk material does,
suggesting fundamental differences between either the population of the greenemissive state, or the lattice structure itself, impeding the green emission under
UV excitation, of UCNC and this bulk materials. Further research is needed to
fully understand the mechanisms, for example on the crystallographic level, possibly identifying differences in the lattice host. Moreover, as suggested above, a
strong coupling to low-lying energy levels of Er3+ could be the cause. Therefore,
a size series with high-quality shells could give more systematic insight to the
size-dependent long green lifetime under 375 nm excitation.
The Yb3+ and Er3+ series are merely a first step in the direction of optimized
Ln3+ dopant concentrations. The random walk model from chapter 5 could
be amended by a CR process and used for the determination of a promising
dopant concentration. The optimal Yb3+ and Er3+ doping concentrations werde
determined alternatingly, which can be interpreted as a first iteration of twodimensional nested intervals; a second or even third iteration could improve the
outcome drastically, depending on the target goal, e.g. high ΦUC at low P.
Recent advances in UC with photon-avalanche (PA) have been made[157]. Combining the high efficiency of Yb3+ -Tm3+ based UCNC at excitation wavelengths
allowing for efficient PA (e.g. λex = 1064 nm) with the high-quality synthesis
method established by Homann et al.[12] could produce even better UCNC.
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A. Supplementary Spectra and
Graphs
This first part of the appendix contains TEM images, decay measurements, FTIR
spectra, emission spectra, and relative emission graphs which are not featured in
the main part of the thesis, but may complement the thesis and the understanding
of the discussions therein. The second part of the appendix starts on page 153 and
features a detailed assessment of the random walk model utilized in chapter 5.
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A.1. TEM images
In chapter 4, ultrasmall sub-4 nm UCNC are discussed which were synthesized
by Dr. Stefan Fischer from University of Berkeley using a simple thermal
decomposition method. Dr. Fischer equipped the bare core particles with shells
of thicknesses ranging from 0.1-10 nm by sequentially injecting shell precursors.
Fig. A.1 shows TEM images of a chosen subset of these particles. The scalebar is
thickened and its label is rewritten to make them both more visible. The sample
name (cf. Tab. 4.1 on page 40) is indicated in the top left corner of each panel.

Figure A.1.: TEM images of a selection of samples used in chapter 4. (a) P00 is the
core sample with a diameter of (3.7 ± 0.5) nm. For the core-shell samples
P01-P10, NaYF4 precursors were successively added during the synthesis.
(b) P01 has the thinnest shell of (0.1 ± 0.7) nm, or roughly one monolayer.
(c) P03 has a shell thickness of (1.0 ± 1.1) nm. (d) P04 has a shell thickness
of (3.4 ± 1.1) nm. (e) P06 has a medium shell thickness of (5.5 ± 2.0) nm.
(f) P10 has the thickest shell of (10.3 ± 3.9) nm. Scalebars are indicated
in the bottom right of each panel. TEM measurements were done by Dr.
Stefan Fischer from University of Berkeley.
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A.1. TEM images
In chapter 5, single- and co-doped NC of different sizes and with shell thicknesses of up to 3 nm are measured. They were synthesized by Dr. Christian
Homann using an advanced synthesis technique, utilizing α-seeds for the shell
growth to assist the process of Ostwald ripening.[86, 89] Fig. A.2 displays TEM
images of a selected number of the Yb3+ -single-doped NC (YbNC), the Er3+ single-doped NC (ErNC), and Yb3+ -Er3+ -co-doped NC (UCNC). TEM images
were obtained at University of Osnabrück.

(a) YbNC

(b) ErNC

(c) UCNC

Figure A.2.: TEM images of a subset of the (a) YbNC, (b) ErNC, and (c) UCNC used
in this study. The top image in every panel shows the 7 nm unshelled NC,
the middle image displays the 7 nm NC with 3 nm shell, and the bottom
image the largest unshelled NC of 52 nm (YbNC), 28 nm (ErNC), and
30 nm (UCNC). Data are also shown in Fig.’s S1-S3 in the ESM of Grauel
et al.[89].
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In chapter 6, the doping concentrations of both the sensitizer Yb3+ and the
activator Er3+ within the β -NaYF4 : Yb3+ , Er3+ particles are increased. The
notation used for the UCNC in this chapter is X,Y @(X + Y ), there X denotes
the Yb3+ concentration in the core, Y the Er3+ concentration in the core, and
(X +Y ) the Lu3+ concentration in the shell, which is fixed at the sum of Yb3+
and Er3+ doping in the core to compensate the lattice mismatch at the core-shell
interface due to the very similar ionic radii of Yb3+ , Er3+ , and Lu3+ . TEM
measurements were obtined by Hennig Eickmeier from University of Osnabrück.
Fig. A.3 displays TEM images of the core and core-shell samples from the Yb3+
series (varied Yb3+ doping while maintaining 2 % Er3+ doping).

Figure A.3.: TEM images of the samples used in the Yb3+ doping study,
β -NaYF4 : X%Yb3+ , 2%Er3+ @ β -NaYF4 : (X+2)%Lu3+ . The insets in
each panel state the Yb3+ doping / Er3+ doping @ Lu3+ doping of the
core-shell NC. TEM measurements were carried out by Hennig Eickmeier
from University of Osnabrück. The scalebar is 50 nm in every image.
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A.1. TEM images
Fig. A.4 displays TEM images of the core and core-shell samples from the
Er3+ series (varied Er3+ doping while maintaining 60 % Yb3+ doping).

Figure A.4.: TEM images of the samples used in the Er3+ doping study,
β -NaYF4 : 60%Yb3+ , Y %Er3+ @ β -NaYF4 : (60+Y )%Lu3+ . The insets in
each panel state the Yb3+ doping / Er3+ doping @ Lu3+ doping of the
core-shell NC. TEM measurements were carried out by Hennig Eickmeier
from University of Osnabrück. The scalebar is 50 nm in every image.
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A.2. FTIR, decays, and relative emission graphs
In chapter 5, quenching of the emissive energy levels of the Er3+ ions in YbNC
and ErNC was attributed to ET to vibrations of surface ligands. To confirm this
hypothesis, attenuated total reflection Fourier-transform infrared (ATR-FTIR)
measurements were performed by Dr. Bastian Rühle at BAM. The results are
displayed in Fig. A.5.

Figure A.5.: ATR-FTIR measurements of a selected number of UCNC and ErNC. The
core-shell NC with 7 nm core and 3 nm shell are displayed in (a) for UCNC
and in (b) for ErNC. The core-only NC with 28-30 nm diameters are
displayed in (c) for UCNC and in (d) for ErNC. Data adapted from Fig. S5
in the ESM of Grauel et al.[89].
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A.2. FTIR, decays, and relative emission graphs
In chapter 3, the emissions of several bulk materials are discussed. The
decays of the blue-emissive 2 H9/2 state of Er3+ (λem = 410 nm) of two microcrystalline β -NaYF4 : Yb3+ , Er3+ powders with similar doping (KK’s bulk with
18 % Yb3+ and 2 % Er3+ doping, provided by Dr. K. Krämer from University of
Bern, and TJ’s bulk with 20 % Yb3+ and 2 % Er3+ doping, provided by Prof. Th.
Jüstl from FH Münster) were measured at 375 nm and 978 nm excitation and the
graphs are displayed in Fig. A.6.

Figure A.6.: Decay curves of microcrystalline bulk phosphors at 410 nm emission and
a) 375 nm excitation and b) 978 nm excitation. Decays of KK’s bulk are
displayed in cyan and TJ’s bulk in navy.
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In chapter 5, it was discovered that the different population routes of the red
Er3+ emission under UV excitation of ErNC and UCNC significantly alter the
decay curves. Therefore, supplementary measurement were conducted using the
bulk phosphors KK’s bulk and Er-Bulk. In Fig. A.7(a) and (b), decays of the
λem = 655 nm Er3+ emission are displayed following excitation at λex = 375 nm
(population of 4 F9/2 through BET for KK’s bulk, NRR for Er-Bulk) and λex =
635 nm (direct excitation of the emissive 4 F7/2 state). In Fig. A.7(c) and (d),
decays of the green Er3+ emission at λem = 540 nm are displayed, using 375 nm,
485 nm, and 525 nm as the excitation wavelengths.

Figure A.7.: Decay measurements of solid bulk powders: The red Er3+ emission, measured at λem = 655 nm, of (a) KK’s bulk and (b) Er-Bulk is excited at
375 nm (blue) and 635 nm (red). The green Er3+ emission, measured at
λem = 540 nm, of (c) KK’s Bulk and (d) Er-Bulk, is excited at 375 nm
(purple), 485 nm (blue), and 525 nm (green). Data also shown in Fig. S9 in
Grauel et al.[89].
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A.2. FTIR, decays, and relative emission graphs
In chapters 4 and 5, the Yb3+ emission was detected at 940 nm. Then, in
chapter 6, the emission wavelength was switched to 1000 nm. In chapter 3, a
combination of both was used. To confirm that the Yb3+ emission at 940 nm and
1000 nm is indeed the same transition and can be used interchangeably, sample
P04 from chapter 4 was measured between 940 and 1000 nm in 10 nm steps and
the results are displayed in Fig. A.8.


Figure A.8.: Decay measurements of the Yb3+ transition 2 F5/2 → 2 F7/2 of Dr. Stefan
Fischer’s sample P04 (cf. chapter 4), measured at 978 nm laser excitation.
The emission wavelength is varied from 940-1000 nm to show that the
wavelength choice for the Yb3+ transition is irrelevant within this wavelength range. Therefore, measurements conducted at λem = 940 nm and
such at λem = 1000 nm are interchangeable. Due to the high intensity of
the Yb3+ emission and the narrow spectral profile of the excitation laser,
even measuring at 980 nm while exciting at 978 nm is possible without
decreasing the intensity-to-noise ratio.
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In chapter 4, a series of ultrasmall 3.7 nm β -NaGdF4 : 20%Yb3+ , 2%Er3+
UCNC cores with different inert NaYF4 shell thicknesses is investigated. The
τint from ensemble decay measurements at 978 nm excitation, detected at 940 nm,
are displayed in Tab. A.1.
Sample Shell
Name Thickness
dS [nm]
P00
—
P01
0.1 ± 0.7
P02
0.5 ± 0.6
P03
1.0 ± 1.1
P04
3.4 ± 1.1
P05
4.4 ± 1.2
P06
5.5 ± 2.0
P07
7.0 ± 2.3
P08
8.8 ± 3.4
P09
9.0 ± 4.7
P10
10.3 ± 3.9

τint [µs] at
λex = 978 nm
λem = 940 nm
7
29
67
400
520
740
860
1020
1230
1360
1520


Table A.1.: Intensity-weighted mean lifetimes τint cf. Eq. (2.2) of the Yb3+ decay
of the ultrasmall β -NaGdF4 : 20%Yb3+ , 2%Er3+ @NaYF4 particles with
different shell thicknesses dS used in this study. The τint were obtained
from decay measurements at the fluorospectrometer FLS980 introduced in
Sec. 2.2.1 and subsequent fits using the software FAST. All samples were
dispersed in cyclohexane.
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A.2. FTIR, decays, and relative emission graphs
In chapter 5 (Sec. 5.6 on page 73), time-resolved emission spectroscopy
(TRES) was utilized to combine wavelength-resolved and time-resolved measurements. The TRES intensity ITRES (t, λ ) is displayed as a 2D colormap in ??
on page 74. To confirm that the results from the TRES measurements can be
interpreted together with P-dependent spectra, the wavelength-resolved spectra
from the TRES data of chosen ErNC and UCNC at certain times after the excitation pulse, ITRES (ti , λem ) (for fixed ti ) were plotted in Fig. A.9.

Figure A.9.: Emission spectra of chosen ErNC and UCNC, obtained from measured
TRES intensities ITRES (t0 + ∆t, λem ), for fixed times ∆t after the excitation
pulse at t0 , indicated in the legends. (a) 7 nm ErNC with 3 nm shell and
(b) 28 nm unshelled ErNC, excited at λex = 375 nm. (c) 7 nm UCNC with
3 nm shell and (d) 30 nm unshelled UCNC, excited at λex = 375 nm. (e)
7 nm UCNC with 3 nm shell and (f) 30 nm unshelled UCNC, excited at
978 nm. Due to the long rise at ETU excitation, larger ∆t are chosen at
λex = 978 nm than at λex = 375 nm. The area under each spectrum for the
largest ∆t (red curve) is filled in grey. Data adapted from fig. S12 in the
ESM of Grauel et al.[89].

147

A. Supplementary Spectra and Graphs
For λex = 375 nm (excitation of the 4 G11/2 state of Er3+ ), the first 60 µs after the
excitation pulse at t0 were plotted in 10 µs steps. For λex = 978 nm (excitation of
the 2 F5/2 state of Yb3+ and consequent ETU), the first 2 ms after t0 were plotted
in larger steps, due to the longer rise during ETU excitation. The spectra show
shapes and spectral resolutions similar to those obtained with steady-state measurements (cf. Fig.’s 1.3 and A.10), indicating that a comparison to P-dependent
measurements is valid.
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In chapter 5, differently-doped NC and bulk materials are compared, using
their time- and P-dependent properties. In Fig. A.10, normalized P-dependent
steady-state emission spectra of a chosen subset of the NC are shown at two
different P (5 W/cm2 and 45 W/cm2 ), as well as bulk emission spectra at 375 nm

pulsed excitation. The emission of KK’s bulk at 375 nm excitation Fig. A.10(d)

displays a very dominant red emission, whereas Er-Bulk Fig. A.10(c) is missing
this strong red band. This effect is attributed to the population of the red-emissive
4F
3+ through BET in the co-doped system and serves as evidence
9/2 state of Er
for the efficiency of BET.

Figure A.10.: Steady-state UCL spectra of 7 nm unshelled UCNC (red), 7 nm UCNC
with 3 nm shell (navy), 30 nm unshelled UCNC (green), and KK’s bulk
(cyan), under cw excitation with λex = 976 nm at (a) 5 W/cm2 and (b)
45 W/cm2 . Steady-state DS spectra of (c) Er-Bulk and (d) KK’s bulk
under pulsed excitation (5 µs pulse width, 100 Hz repitition rate) with
λex = 375 nm. All spectra are normalized to the green-emissive band of
Er3+ at 540 nm. NC data in (a, b) and bulk data in (c, d) adapted from Fig.
1 (a)-(d) in Grauel et al.[89].
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In chapter 5, the measured relative emission intensities are displayed as sums
of (mostly) two- and of (mostly) three-photonic excitation. To make the data
more comparable to the results from chapters 3, 4 and 6, the relative emissions
of the separate bands are complemented in Fig. A.11.

Figure A.11.: Relative emissions intensities of the shell series (top) and size series
(bottom) discussed in chapter 5. KK’s bulk is shown as well. Contrary to
Sec. 5.8, all five separate bands are shown (blue, green, red, and two NIR
bands, according to Tab. 2.1).
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A.2. FTIR, decays, and relative emission graphs
In chapter 6, the relative emission intensities of the Yb3+ series are discussed
in detail on page 106. However, the unshelled core particles are not included in
the respective graph to sustain clarity. In Fig. A.12, the 20/2 and 40/2 samples
are shown together with their core-shell counterparts. The 60/2 and 98/2 core
sample were not measured in the integrating sphere set-up due to their reduced
brightness. Measurements were done in hexane, as powdered core-only samples
were not available.

Figure A.12.: Relative emission intensities of the 20 % Yb3+ core and core-shell and
the 40 % Yb3+ core and core-shell UCNC, measured in n-hexane at the
integrating sphere setup. The core samples could not be measured at
lower P due to their reduced brightness.
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B. Assessment of the Random
Walk Model
In chapter 5, a random walk model, which is based on a simpler model reported
by Zuo et al. in 2018[128], is used to explain the different P-dependent greento-red intensity ratios of β -NaYF4 : Yb3+ , Er3+ UCNC of different sizes. In
this model, a single UCNC with radius R is constructed by arranging only the
active Ln3+ ions in a simple-cubic manner. Since the real β -NaYF4 particles
are hexagonal, creating a particle with the same R, but cubic symmetry, would
lead to a different total ion number, which must be avoided, since the number
of Ln3+ ions in the active core is suspected to be relevant to UCL. Therefore, I
determine the number of ions in the real particle with radius R using Eq.’s (1.4)
and (1.5) (page 6) and subsequently construct a spherical particle with a cubic
host lattice containing the same number of Ln3+ ions. Same as Zuo et al.[128],
I only take Yb3+ and Er3+ ions into account, ignoring the host lattice and Y3+
ions as well as any surface ligands. I also assume equal spacing between the
nearest neighbors within the particle, and set the nearest-neighbor distance dn.n.
to the mean interionic distance in β -NaYF4 , dn.n. = 0.69 nm[48, 49]. The ions
are distributed randomly with a ratio of 10 (Yb3+ ) to 1 (Er3+ ), in correspondence
with the doping concentrations of 20 % Yb3+ and 2 % Er3+ used in this study
and also by Zuo et al.[128], so I can adopt the ET rates straight-forwardly, since
these rates are heavily dependent on the distance between ions due to the r−6
dependence of FRET.
Zuo et al. gave a thorough report on the determination of the simulation parame-
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ters, as well as the pump absorption and ET processes used, so I am referring
to Zuo et al.[128] for further explanations of the parameters I adopted straight
from their work, which were highlighted with an asterisk (∗) in Tab. 5.2. As
mentioned in chapter 5, the surface quenching rate was also adopted from Zuo
et al.[128], but due to the spherical architecture of my particles, as opposed to
the cubic particles utilized by Zuo et al.[128], the luminescence behaviour of
surface-near ions will likely differ, because interactions are only allowed between
nearest neighbors, and surface ions in a spherical particle within a cubic grid
have an increased number of quenchers as nearest neighbors than surface ions in
a cubic particle. To adjust for this difference, and also to simulate partially or
completely passivated surfaces, I introduce a quenching factor Q which I multiply
with the surface quenching rate from Zuo et al., with 0 ≤ Q ≤ 1, where a value
of 0 corresponds to the case of no surface quenching, simulating a perfect, or
sufficiently thick, high quality inert surface shell. Fig. 5.9 on page 78 shows an
energy scheme of the ionic states in the model and all allowed interactions.

Steps of the model At the beginning of every simulation run, the host lattice
of the particle is constructed as described above: The active Ln3+ ions are
distributed randomly with a ratio of 10 to 1, with every ion in the electronic
ground state. During every time step of 2 µs, each ground state ion absorbs a
photon with a probability dependent on its absorption cross section (cf. Tab. 5.2)
and the incident excitation power density. , The length of the time step and
the excitation and wavelength are crucial to the absorption probability as well,
but they are not varied throughout this study. Ions in the first excited state can
perform ET or radiative relaxation to the ground state. Ions in a higher excited
state can relax radiatively with a quantum yield of 50 % proposed by Zuo et al.
due to observations of other materials containing Ln3+ ions[128]. Any ion can
also remain in its current state. Before an action is carried out, the current ion
grid is compared to the grid from the last iteration, to avoid multiple actions of
the same excitation during one time step. After scanning every ion in the lattice,
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the iteration is repeated for the next time step, until the sum of all time steps
equals the total measurement time of 3 s, corresponding to 1.5 · 106 iterations
over the complete particle. In Fig. B.1, the algorithm is depicted as a flow chart.
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Figure B.1.: Flow chart of the random walk script used in this study. Chart and caption
same as Fig. S15 in the ESM of Grauel et al.[89].
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Relative emission intensities: Radiative rate and quenching variations To
test the model, utilizing the simplifications mentioned, I determined the reciprocal
of the measured lifetimes of several chosen NC: the small 7 nm unshelled and
the large 30 nm unshelled, as well as the bulk materials. I used the single-doped
materials for the estimation of the radiative rates, to avoid conflict caused by
ET, and used these radiative rates to simulate a particle with R = 15 nm. By
discerning between emission from state (5) after two-photonic excitation (“green
emission”) and emission from state (6) after three-photonic excitation (“red
emission”), I determined the relative green and red emission intensities of the
simulated particle systems, using Eq. (B.1) for the determination of the relative
emissions, and tested values for the quenching factor Q between 0 and 1.
Rel. Em.(i) =

Nem (i)
Nem (5) + Nem (6)

i ∈ {5, 6}

(B.1)

Here, Nem (i) denotes the number of emitted photons from state i, where i is either
5 (green emission) or 6 (red emission).
Fig. B.2 displays the relative emission intensities of a 30 nm particle with different
radiative rates and different surface quenching factors Q.
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Figure B.2.: Relative emission intensities of two-photonic (green) and three-photonic
(red) emissions of the simulated particles. Left: Relative emission intensities of an UCNC with radiative rates of (a) 7 nm UCNC, (b) 30 nm UCNC,
and (c) bulk microcrystals, obtained with our random walk model. (d) Relative emission intensities with radiative rates of 30 nm UCNC for variation
of the surface quenching rate from Q = 0 (no quenching) to Q = 1 (100 %
of Zuo et al.[128]’s quenching rate), obtained with our random walk model.
Figure and caption same as Fig. S16 in the ESM of Grauel et al.[89].

The left panel of Fig. B.2 depicts the relative emission intensities for a 30 nm
particle (R = 15 nm) with perfect surface passivation (quenching factor Q = 0)
with three different sets of radiative rates in use (indicated in the panels of
Fig. B.2). The radiative rates were obtained from time-resolved measurements
and they can accurately predict the trends of P-dependent, wavelength-resolved
UC measurements.
The right panel of Fig. B.2 shows the potential of the simulation to model surface
quenching. The quenching rate from Zuo et al.[128] is included in the model and
multiplied by the quenching factor Q, which is then tuned from 0 to 1. 0 < Q < 1
would correspond to thin or incomplete shells, or core-shell systems with lattice
defects at the boundary surface, which allows surface passivation to a limited
degree, but certain surface quenching remains. When Q is increased to 1 (100 %
of Zuo et al.[128]’s quenching rate), the red (i.e., three-photonic) emission is
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almost completely eradicated (cf. Fig. B.2 right). As the quenching efficiency
rises, three-photonic processes become less and less likely. At this point, it is
worth mentioning that my model only considers one type of quenching, namely
surface quenching, where the excitation energy is deleted at the surface of the
particle. Other UCL mechanisms exist, as discussed above in the main part of
the thesis, but they are not included in my model.

Relative emission intensities: Size variations To test the model further, I
simulated particles of five different sizes (7, 9, 14, 18, and 30 nm) with the three
different sets of radiative rates from before. Thus, I obtained the relative green and

red emissions shown in Fig. B.3. For the 7 nm radiative rates Fig. B.3(a) , even
the largest particle of 30 nm displays hardly any red (three-photonic) emission.

Using 30 nm radiative rates Fig. B.3(b) , the green emission is dominant, but

decreases relatively with increasing P. Utilizing bulk radiative rates Fig. B.3(c) ,
the red emission becomes dominant after a certain P, which depends on the
particle size. For the largest NC of 30 nm, the critical P is below 10 W/cm2 , for the
smallest NC of 7 nm, the red emission exceeds the green above P ≈120 W/cm2 .
Regardless of the choice of radiative rates, the smaller simulated particles present
with a higher green-to-red intensity ratio than the larger ones. Since Q = 0,
surface quenching cannot be responsible for this. For each panel in Fig. B.3, no
parameters were changed in the simulation except the particle size, determining
the number of active ions. Therefore, it is evident that there must be a second
size-related quenching effect besides surface quenching, which depends on the
total ion number or particle volume, a volume effect.
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Figure B.3.: Relative emission intensities with radiative rates of (a) 7 nm UCNC,(b)
30 nm UCNC, and (c) Bulk microcrystalline powder, under variation of
the particle size in the simulation from 7 nm to 30 nm, with the surface
quenching rate set to zero, obtained with our random walk model. For all
calculations that contributed to the panels of this figure, the same set of
parameters was used, except for the particle size, which determines the
size of the nanocrystal and therefore, the total number of ions. Thereby,
it becomes evident that beside surface quenching, there is a second sizerelated quenching effect, namely a volume effect. Figure and caption same
as Fig. S19 in the ESM of Grauel et al.[89].

ΦUC : Radiative rate, size, and quenching variation The model further
allows the determination of ΦUC , which is defined by the number of emitted
photons with λem < λex , divided by the number of absorbed photons (cf. Eq. (2.3)
on page 22). In this case, I am using Eq. (B.2), with Nem (5/6) the number of
emitted photons from states (5) or (6), respectively, and Nabs the number of
absorbed photons:
ΦUC =
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Nem (5) + Nem (6)
Nabs

(B.2)

In Fig. B.4(a)-(c), ΦUC is displayed for simulated particles with sizes ranging
from 7 − 30 nm, using different sets of radiative rates and Q = 0. Fig. B.4(d)
shows ΦUC of a 30 nm particle, simulated with radiative rates of the 30 nm
unshelled NC, and with varied Q.

Figure B.4.: Quantum yields (ΦUC ), determined using my random walk model. (a)-(c):
Each panel shows 7 − 30 nm sized simulated unquenched particles, using
the radiative rates of (a) 7 nm unshelled UCNC, (b) 30 nm unshelled UCNC,
and (c) bulk microcrystalline powder. In (d), 30 nm rates are used for a
30 nm simulated particle, varying the quenching factor Q from Q = 0 (no
quenching) to Q = 1 (100 % of the quenching rate of Zuo et al.[128]).

In Fig. B.4(a), the rates from the 7 nm unshelled UCNC were used, in Fig. B.4(b),
the 30 nm unshelled UCNC provided the radiative rates, and in Fig. B.4(c), the
radiative rates were obtained from bulk material. Evidently, the radiative rates
have a strong influence on ΦUC , but the sizes of the respective particles also have
a significant effect: For each set of radiative rates, ΦUC increases with increasing
particle size.
In Fig. B.4(d), the 30 nm simulated particle (using 30 nm radiative rates), Q was
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tuned from Q = 0 to Q = 1, yielding a quenching series. As one would expect,
ΦUC decreases with increasing surface quenching. The ΦUC variation is over
two orders of magnitude.
smean : Radiative rate and quenching variations I also assess the mean
excitation pathlength smean inside a particle, calculated using Eq. (B.3).
smean =

Nhops
· dn.n.
Nabs

(B.3)

Here, Nabs denotes the number of absorbed photons, Nhops denotes the total number of energy transfers, and dn.n. denotes the distance between nearest neighbor
ions, which is lattice and doping dependent. For β -NaYF4 : 20%Yb3+ , 2%Er3+ , I
used dn.n. = 0.69 nm[48, 49]. smean depends, of course, on the degree of surface
quenching as well as the power density, but I found out that it is also particle
size dependent even when surface quenching can be excluded. Representatively,
I am showing the 30 nm particle with its respective rates, under variation of
the quenching factor Q, in Fig. B.5(a). The average excitation pathlength was
determined from several repitition simulations. Fig. B.5(a) shows this for the
simulated quenching series (variation of Q), Fig. B.5(b) for three different sets of
radiative rates at Q = 0.
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Figure B.5.: Mean excitation pathlengths of excitation inside the simulated particles.
(a) Mean excitation pathlengths for 30 nm UCNC with quenching rates
varying from Q = 0 (no quenching) to Q = 1 (100 % of the quenching rate
of Zuo et al.[128]), obtained with our random walk model with radiative
rates of 30 nm UCNC. (b) Mean excitation pathlengths for 30 nm UCNC,
obtained with our random walk model using radiative rates of 7 nm UCNC
(purple), 30 nm UCNC (green), and bulk powder (red) and at Q = 0. Figure
and caption adapted from Fig. S17 in the ESM of Grauel et al.[89].


The determined smean in the unquenched system Fig. B.5(a), purple line

shows a P dependence 190 nm at 10 W/cm2 , 160 nm at 300 W/cm2 , but the
fully quenched system (red line) yields smean of 55 nm for every P from 10 W/cm2
to 300 W/cm2 , which is of the same order of magnitude as the particle diameter
of 30 nm. As the energy moves accross the particle randomly by hopping between excited states of neighboring ions, it can be assumed that once it reaches a
quenching center at the surface, the excitation energy is quenched immediately,
while alternative processes such as emission or further energy migration are suppressed. This dominant quenching is likely responsible for the P-independence
of smean at Q → 1. The P-dependent decrease of smean at higher P for the unquenched system can be explained by a higher probability of encountering an
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already excited Er3+ ion for multiphotonic excitation, if there is already a higher
number of excited ions in the particle lattice. Here, it should be noted that the
simulation allows energy migration only on the first excited states, and that once
an Er3+ is in a higher excited state, the excitation is “trapped”. Altough this is
a simplification, it is not uncommon in simulations to limit EM to the 980 nm
states of Yb3+ and Er3+ [57].
Extrapolating smean to higher P than in Fig. B.5(a), a drastic decrease of smean
is expected, explaining why surface quenching does not play a significant role
in single-particle measurements, in which usually very high P are utilized, e.g.
using confocal microscopes[55].
In Fig. B.5(b), smean was determined for three different sets of radiative rates
(7 nm unshelled NC, 30 nm unshelled NC, and bulk). While for the simulated
particle with the 7 nm rates, smean is relatively short, the P dependence of smean
at bulk rate use is extreme. At low P, smean is almost five times as long as for
the 30 nm NC, illustrating the overwhelming efficiency of bulk material at low P
[9]: If the excitation is able to travel far without being deactivated by competing
processes, is probably will find an Er3+ ion in a higher excited state eventually.
In my simulated particle with 30 nm diameter, the excitation can travel through
the entire particle, even several times under sufficient surface passivation. Then,
the number of excited states present at the same time determines the likelyhood
of two- and three-photonic processes inside the particle.
smean : Size variations To illustrate this effect, Fig. B.6 shows smean for the
same three different sets of radiative rates as before, this time varying the particle size in the simulation. I am using the same particle diameters as in the
experimental studies (7, 9, 14, 18, and 30 nm).
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Figure B.6.: Mean Excitation Pathlengths for differently sized UCNC with radiative
rates obtained experimentally from (a) 7 nm UCNC, (b) 30 nm UCNC, and
(c) bulk phosphor, calculated with our random walk model with the surface
quenching rate set to zero. Figure and caption adapted from Fig. S18 in the
ESM of Grauel et al.[89].

For each of the radiative rates used, smean is significantly dependent on the

particle size. For the simulation with 7 nm radiative rates Fig. B.6(a) , smean is
rather constant with respect to P for every simulated particle size and decreases

only slightly at high P. The simulation with 30 nm radiative rates Fig. B.6(b)
shows a much stronger P dependence, with a significnt decrease of smean at high
P for all NC sizes and most pronounced for the biggest simulated NC. Again,
this can be explained by a higher probability of encountering multi-photonic
excitation of an Er3+ ion if there is already a higher number of ions in an excited
state present in the particle lattice, due to the high mobility of the excitation,

which is more prominent at high P. In Fig. B.6(c) , smean for bulk radiative
rates is depicted, and a drastic decrease is observed for increasing P and also for
increasing particle size, which is contrary to the previous results for NC. The
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bulk radiative rates are very small due to the extremely long lifetimes of the
excited states of the bulk material, therefore the previous disadvantage of the
7 nm particle (the low ion number) could become an advantage with regard to
smean , because if the total number of Er3+ ions is lower, but the radiative rates
are small enough that a decay is very unlikely, the likelyhood of encountering
an Er3+ ion in an excited state is very low and the excitation energy needs to
travel farther until a suitable ion is reached. In larger particles, however, with a
higher ion number and the same low radiative rates, less time is needed to find
an already-excited Er3+ ion.
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