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English summary
This PhD thesis reports on the experimental and theoretical investigation of 1500 nm to 980 nm photon upconversion in thin films of erbiumdoped TiO2 , which has applications in improving silicon-based solar cells
through upconversion of sub-band-gap photons. Three main publications
are included in this thesis reporting on: i) the development of a rateequation model, ii) the upconversion-luminescence (UCL) dependence on
the fabrication parameters, and iii) incorporating gold nanostructures for
enhancing the upconversion efficiency through photonic enhancement.
The developed rate-equation model can account for the UCL-intensity
dependence over a broad dynamic range, and through the model, a new
benchmark parameter – the saturation intensity – is introduced. The
investigation on the fabrication process shows generally increased UCL
yield with deposition temperature up to 350 ◦C and that post-annealing
treatment quenches the UCL yield. Through the study of photonic enhancement, an unprecedented 913(51)-fold enhancement of the UCL
yield is measured at an intensity of 1.7 W cm−2 . The results are compared
to an extended version of the rate-equation model with a good qualitative
agreement. Through the extended rate-equation model, it is possible to
determine the concentration of the mean electromagnetic energy density
in the upconverting films, which, together with the saturation intensity,
allows for a justified prediction on the required steps before photonicenhanced upconverters will see the light of day.
The thesis concludes with an assessment of the developed rate-equation
model through a comparison of measured and calculated external upconversion quantum yields with outstanding agreement assuming similar
absorption strength, as reported in the literature. The assumption of
an average energy-transfer rate in the rate-equation model is corroboi
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rated through calculation showing a strong coupling of the erbium ions.
Lastly, an experiment is proposed for further investigations of the crucial
upconversion parameter – the energy-transfer rate.

Dansk resumé
I denne ph.d.-afhandling rapporteres om en eksperimentel og teoretisk
undersøgelse af 1500 til 980 nm foton-opkonvertering i tyndfilm beståenden af erbium-dotterede TiO2 , som kan bruges til optimering af silicium
baserede solceller ved opkonverting af de energifattige fotoner fra solen, der ikke kan absorberes i silicum. Afhandlingnen indeholder tre
hovedartikler, som omhandler: i) udvikling af en ratelignings model, ii)
undersøgelse af opkonverteringsafhængighed af fabrikationprocessen
og iii) indkorporering af nanostrukturer til at forøge effektiviteten af
opkonverteringsprocessen gennem fotonisk forstærkning.
Rateligningsmodellen kan beskrive opkonverteringens intensitetsafhængighed over et stort dynamisk område, og leder desuden til den vigtig nye sammenligningsparameter – satureringsintensiteten. Studiet af
opkonverteringsafhængigheden af fabrikationen viser, at højere deponeringstemperaturer fører til højere opkonverteringsrater op til 350 ◦C
samt at efterfølgende varmebehandling undertrykker opkonverteringen.
I undersøgelsen af fotonisk forstærkning opnås en hidtil uset høj forstækningsfaktor af opkonverteringsraten på 913(51) ved en intensitet
på 1.7 W cm−2 . God kvalitativ overenstemmelse mellem målinger og en
udvidelse af rateligningmodellen observeres. Gennem denne udvidelse er det tilmed muligt at bestemme den gennemsnitlige forstærkning
af den elektromagnetiske energitæthed i opkonverteringsfilmene, som
sammen med satureringsintensiteten kan bruges til at beskrive, hvilke
teknologiske udviklinger, der skal til før opkonvertering kan bruges til at
forbedre solceller.
Afhandlingen afrundes med en undersøgelse af, hvor godt rateligningsmodellen kan reproducere kvanteeffektivitetsmålinger. Flot overenstemmelse observeres antaget lignende absorptionsstyrke som rapporteret i
iii
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litteraturen. Desuden underbygges antagelsen om en middel energioverførselsrate gennem udregninger, der viser en stærk kobling af erbium
ionerne. Afslutningsvist foreslås et eksperiment, der kan udbygge forståelsen af den afgørende opkonverteringsparamter – energioverførselsraten.
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Chapter

1

Introduction
In this chapter, I will motivate this PhD project. I will start by explaining why
researching renewable energy resources is essential and follow this up with a
short introduction to the basics of silicon solar cells, including the spectral loss
mechanism and ways to minimize these. Then I will give an introduction to the
SunTune Project – a grand research project incorporating several PhD projects
among other this. We will then discuss the scientific questions at the heart of
this thesis, and the methods I have used to uncover them.
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Chapter 1. Introduction

Awareness of the negative side-effects of burning fossil fuels for energy
production has increased due to the overwhelming scientific reports
demonstrating that we humans are drastically changing the climate [10–
12]. Only two countries, Syria and Nicaragua, did not sign the Paris agreement in 2015 with Syria being in a devastating civil war and Nicaragua
boycotting the deal due to its unambitious initial goals and its failure
to legally bind countries to their emission targets. Since then, several
states, among other Russia, still have not ratified their commitment, and
most notably, the USA has decided to leave the agreement [13]. Moreover,
recent reports [14, 15] show that no developed country is acting according
to their obligations. An obvious solution to lower our emission levels
is to transition our energy system towards renewable sources such as
wind, solar, and hydro. Only around one-fifth of the energy sector is
based on renewable energy sources today [16], and there is potential to
increase this by a lot. In Figure 1.1, the yearly available solar energy
is compared to the known fossil fuel reserves. A back-of-the-envelope
calculation, based on the solar radiation received on the surface of the
earth and assuming a reasonable 15 % efficiency of solar cells, shows that
we would not even need to cover 1 % of the earth’s surface with solar
panels to meet the energy demand of the entire human population. This
calculation is, of course, a gross oversimplification; however, it still serves
as a good illustration of the enormous potential of solar power.
However, the installation of solar panels has grown exponentially since
the mid-1990s, and with this, the price has dropped considerably [19]. The
installation cost of a solar module constitutes today a significant fraction
of the entire system, and further price reduction is hence becoming
increasingly more difficult. Another possibility to improve the cost-benefit
ratio of solar power, and thereby popularize solar cells, is to increase
the efficiency of the solar cell itself. However, the efficiency of standard
crystalline silicon solar cells – the by far most utilized [20] – are getting
close to the ultimate efficiency limit, known as the Shockley-Quesser (SQ)
limit. The current world record being 26.1 % [21], and the SQ limit around
30 %. The main reason for this efficiency limitation is a spectral mismatch
between the solar spectrum and the band gap of the semiconducting
material. In general, the spectral mismatch can be categorized into two
groups: thermalization and transmission losses. Thermalization is the
loss of the excess energy above the band gap of a high-energy photon.
This energy is lost due to a quick relaxation of an electron excited far
up in the conduction band occurring because of the abundant presence
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Solar potential

Coal

Oil

Natural gas

Figure 1.1: The estimated yearly solar power compared to the known fossil fuel
reserves. The figure is constructed from data taken from [17, 18].

of close-by free-electronic states. Transmission loss, on the other hand,
occurs when the entire energy of an incident photon is lost since it has
lower energy than the band gap of the semiconducting material in the
solar cell. Then the photon cannot be absorbed, and it will pass through
the solar cell as though it was transparent. One historically successful way
of addressing these challenges has been to create multi-junction solar cells
consisting of several different semiconducting materials with different
band gaps. Each semiconductor is chosen for its absorption properties
and stacked appropriately in descending order of their band gap energies,
with this minimizing the transmission losses of each semiconductor. The
current world record for a multi-junction solar cell is 47.1 % [21], almost
twice as high as in single junction crystalline silicon. Another way to
improve the efficiency of solar cells is to transform the solar spectrum to
better match the band gap of the semiconducting material in the solar cell.

4
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This way of optimizing efficiency has the benefit of potentially improving
the efficiency of already installed devices.
The SunTune project, which this PhD project is a part of, explicitly
aims at optimizing the efficiency of silicon solar cells by spectral transformation using nano-optical enhancement.

1.1

SunTune

The Sun emits a continuous spectrum of electromagnetic radiation close to
what is known as black-body radiation. In Figure 1.2 the solar spectrum
is shown where only the blue part below approximately 1100 nm can
be absorbed in silicon due to a band gap of around 1.12 eV. The goal
in SunTune is to minimize transmission losses by converting the green
and red part of the solar spectrum in Figure 1.2 into the blue part. We
wish to do so using a combination of two processes: upconversion and
downshifting. Upconversion is the process of combining two or more
low-energy photons to one of higher energy, whereas downshifting is the
process of extending the wavelength of light by absorbing a photon and
emitting one at a longer wavelength. The rare-earth element erbium –
when embedded in a host material in its trivalent form – can upconvert
light at around 1550 nm to wavelengths of about 980 nm [22]. The idea in
SunTune is to increase the amount of sunlight available for upconversion
by downshifting the green part of the spectrum in Figure 1.2 into the
red part, where erbium ions can absorb and upconvert the light, which
then subsequently can be absorbed in a silicon solar cell. Our attempts in
downshifting have focused on PbS nanoparticles, but achieving adequate
downshifting efficiencies is something that we have struggled to do.
The possibility to upconvert light using rare-earth elements was postulated already in the 1950s [23] and demonstrated shortly after [24–26].
The challenging part is to achieve adequate efficiency for applications.
We are trying to do so by concentrating the light near the erbium ions
using surface-plasmon resonances from metallic nanoparticles. The upconversion efficiency increases with the excitation intensity, at least for
low excitation intensities, since upconversion is inherently a nonlinear
process [27].

5

1.2 Main objectives of this work

2.00
Mirror

Irradiance [Wm−2 nm−1 ]

1.75

Solar cell
Upconverter

1.50

Downshifter

1.25

Upconversion

1.00
0.75

Downshifting

0.50
0.25
0.00
250

500

750

1000

1250
1500
1750
Wavelength [nm]

2000

2250

2500

Figure 1.2: A graph of the solar spectrum in irradiance versus wavelength is
shown. The part depicted in blue is directly usable for energy transformation
in a crystalline silicon solar cell; the solar cell is transparent for the rest of the
spectrum. In SunTune project, we wish to downshift the green part of the
spectrum into the red part. The amount of light which can be upconverted into
the blue section in erbium ions are thereby increased. A model device is also
shown in the right corner with the solar cell on top, followed by the upconverter
and then the downshifter. They are placed here such that they only interfere
with the light, which cannot be absorbed by the solar cell. The entire device is
cast in a reflecting material to steer all light back to the solar cell.

1.2

Main objectives of this work

The main focus of this PhD thesis has been to study the upconversion
process of 1500 nm to 980 nm light in trivalent erbium ions. I have investigated the dynamics of erbium-based upconversion and the factors that
limit and those that improve efficiency. Moreover, I have studied how the
upconversion process depends on the excitation intensity and the host
material for the erbium ions. Finally, in this thesis, I consider whether or
not photonic enhancement is a viable route to increase the efficiency of
upconverting units sufficiently for photovoltaic applications.
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I have tackled these academic questions mainly through optical experiments by exciting samples containing erbium ions and studying the
resulting luminescence. Moreover, I have developed a rate-equation
model to study the dynamics of the process.
I have chosen to outline this thesis as follows: In the following chapter,
we will dig into the theory of erbium-based upconversion as well as
photonic concentration. Then I will continue with a short review of
the work done in the field of lanthanide-based upconversion, which
concludes the introductory remarks. The scientific articles of this PhD
are then presented in the published or submitted form following the
Graduate school of science and technology (GSST) Rules and regulations
for a paper-based thesis. Each publication has its dedicated chapter, which
starts with a context explaining the main scientific questions, followed by
a short section describing my contributions. Hereafter follows a chapter
assessing the results I have obtained in comparison to state-of-the-art
results published literature and a suggestion for further investigations.
Hereafter comes a chapter describing the co-author publications I have
contributed to but do not form part of this thesis. Finally, I will conclude
with a summary and an outlook on this exciting field of research.
In accordance with GSST rules, part of this thesis was also used in the
progress report for the qualifying examination.

Chapter

2

Theoretical foundations
In this chapter, I will go through the theoretical foundation of this PhD project. I
will start by introducing erbium and the routes by which upconversion in erbium
can occur. Then I will go on to a short introduction to photonic concentration
through surface plasmons and waveguides.

7

8

2.1

Chapter 2. Theoretical foundations

Erbium: a rare earth element

Erbium is part of the lanthanide series but more commonly associated
with the rare-earth elements where scandium and yttrium are included
due to their similar chemical properties. The lanthanides consist of the
57th (lanthanum) to the 71st (lutetium) elements in the sixth period
of the periodic table. They form trivalent cation where the 6s and 5d
electron subshells are empty, such that the optically active 4 f electrons
are well shielded by the energetically lower but spatially outer-lying 5s
and 5p orbitals. The trivalent lanthanides hereby obtain the electron
configuration [Xe]4 f x , where x varies between 0 and 14 with x = 11 for
trivalent erbium [28–30]. Trivalent lanthanides are thus weakly perturbed
by crystal fields when embedded in a host material.
In particular, the crystal-field potential is smaller than the spin-orbit
coupling, and the Russel-Saunders coupling scheme thus forms a good
approximation of the splitting of the energy levels. Here, the states are
described by the quantum numbers L, S, J and M J and typically denoted
with the term notation 2S+1 L J . In principle, the crystal field will lift the
degeneracy in the M J states via stark-splitting; however, this splitting
is so small, because of the efficient shielding, that relaxation within a
J-manifold is fast compared to relaxations between manifolds. Relaxation
between states can thus be described in a term-wise basis, as showed by
McCumber [31]. By Applying Hund’s rules [28] to the 11 4 f electrons in
trivalent erbium, we find 4 I15/2 to be the ground state with first excited
states being 4 I13/2 , 4 I11/2 , and 4 I9/2 . In Figure 2.1, the four lowest energy
terms of trivalent erbium are depicted with the center wavelengths of
the luminescence following relaxations to the ground state from the first
three excited states.
The electronic transitions among the 4f states in lanthanides are, in
principle, electric-dipole forbidden due to the Laporte rule of parity
change [28]. These transitions still happen when erbium ions are embedded in some host material, and they are stronger than what could
be explained by purely magnetic-dipole driven transitions. The reason
the transitions do occur is add-mixing of odd-parity states introduced by
the crystal field as described independently by Judd and Ofelt [32, 33].
The add-mixing of odd-parity states is only possible if the crystal field
breaks this symmetry, that is if the crystal field is non-centrosymmetric
[30]. Anti-symmetric dopant sites for trivalent lanthanide ions are, however, rare, where a first approximation is to assume octahedral symmetry

9
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4

E

805 nm

I9/2

4

I11/2

4

I13/2

4

I15/2

980 nm

1530 nm

Figure 2.1: The energy diagram of trivalent erbium is shown including the four
lowest energy terms with the center wavelength of the relaxation to the ground
state (4 I15/2 ) indicated for the three excited states (4 I13/2 , 4 I11/2 , and 4 I9/2 ).

[29]. The transitions then occur either due to a slight shift of the ionic
position or alternative because vibrations in the crystal lattice introduce
the required asymmetry [29, 30]. For these reasons, the strength of the
transitions in trivalent lanthanides is much weaker than what is usually
observed for electric-dipole driven transitions, which causes erbium to be
a poor absorber of light [29].
We thus need to embed the erbium into a suitable host material to
activate the interesting optical transitions among the 4 f levels. In general,
glass or crystalline dielectric materials are used, for instance, oxides,
oxysulfides, or fluorides. I have predominantly used samples of magnetron sputtered TiO2 doped with erbium (TiO2 :Er). TiO2 and in general,
oxides are known not to be the best host material for lanthanides for
reasons to be explained later, but it was something my group had experiences with before my employment. Moreover, magnetron sputtering
of erbium-doped TiO2 allows control over sample thickness and surface

10

Chapter 2. Theoretical foundations

a)

GSA/ESA

b)

ETU

|ki
|ji
|ii
Figure 2.2: Illustration of the most likely upconversion processes ESA and ETU.
In a) ESA is depicted; a photon excites the ion from the state |i i to the state | ji,
followed by a second photon re-exciting the ion to the final state |ki. In b) ETU
is depicted; two initially excited ions, the donor (blue) and the acceptor (red),
both in the state | ji, interact resulting in the donor decaying to the ground state,
|i i, and the acceptor to be further excited to the state |ki.

smoothness, which is especially important when incorporating photonic
enhancement, see Section 2.3. We have been fabricating TiO2 :Er thin
films using a commercial reactive radio-frequency magnetron-sputtering
system. Sputtering upconverting thin films is, however, something that
I have mainly left for colleagues. Therefore, magnetron-sputtering of
TiO2 :Er is not something we will go into great detail with, although
Chapter 5 – joint work with my colleague Harish Lakhotiya – includes
some discussions on the topic.

2.2

Upconversion

Upconversion is the process of combining two or more low-energy photons to one photon of higher energy. Upconversion can occur via several
processes with varying probabilities [22]. The most likely upconversion
processes relevant for photovoltaic applications, where the irradiance
is incoherent and weak, are excited-state absorption (ESA), and energytransfer upconversion (ETU). ESA is a rather simple process; an erbium
ion is excited by absorbing a photon, and then further excited by absorbing yet another photon before the ion can relax to the ground state. From
the doubly excited state, the erbium ion can decay radiatively by emitting
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a photon of the combined energy, see Figure 2.2(a). The probability of
ESA hence depends on the transition probabilities to the excited states.
ETU, on the other hand, involves the interaction between two excited
erbium ions. If the excited ions are close enough, they can interact via an
electric dipole-dipole interaction (or higher-order interaction), where one
of the erbium ions, the donor/sensitizer, gives its energy to the other, the
acceptor/activator, see Figure 2.2(b). The acceptor can then decay from
the doubly excited state by emitting a photon, similarly to the case in
ESA. The rate of ETU driven by an electric dipole-dipole coupling was
first shown by Förster to be given by [34]

ETU
Wjj,ik

4π
=
3h̄



1
4πε 0 n2r

2

1
|µij |2 |µkl |2
R6

ˆ
gij ( E) gkl ( E)dE,

(2.1)

where the donor and acceptor ions undertakes the transition | ji → |i i
and | ji → |k i, respectively. Here, µij is the dipole matrix element, R
the
´ interionic distance, nr is the real part of the refractiveindex and
gij ( E) gkl ( E)dE an overlap integral of the normalized line-shape functions which accounts for energy conservation in the interaction which is
illustrated in Figure 2.3.

Erbium-based upconversion
Erbium ions are suitable for upconversion due to the equidistant energy
levels, which causes erbium ions to be able to upconvert among other light
from around 1500 nm to around 980 nm. The upconversion process in
erbium ions is a bit complex since it involves all of the four lowest energy
levels; hence, it is helpful to have the energy levels of Figures 2.1 fresh
in mind in the following. Erbium ions can absorb light at approximately
1500 nm wavelength exciting the erbium ions to the 4 I13/2 level. From here,
the erbium ions can be further excited to the 4 I9/2 level, most likely in our
samples via an ETU process. The reason for the ETU process dominates
over ESA in our samples is the relatively high erbium concentrations
resulting in relatively close-spaced erbium ions; remember, the ETU rate is
proportional to the inverse sixth power of the ion spacing. The relaxation
from the 4 I9/2 level to the ground state occurs most likely in two steps.
First, a quick nonradiative relaxation to the 4 I11/2 state due to the small
energy spacing between these levels. Vibrations in the host mediate this
relaxation, called multiphonon relaxation, the rate of which, to a good
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Figure 2.3: Illustrations of the overlap of the normalized lineshape functions of
the donor and acceptor ion entering in the Förster formula for the energy-transfer
rate, see Equation 2.1. The lineshape of the donor and acceptor transitions are
exemplified here with Lorentzian lineshapes in blue and red, respectively. For
some energies, the lineshapes overlap, and the energy-transfer process can occur
without violating energy conservation.

approximation, drops exponentially with the energy difference between
the levels, resulting in more phonons needed to bridge the energy gap.
Multiphonon relaxation is hence dependent on the phonon spectrum of
the host material. The relatively high phonon energies of oxides are one
of the reasons for them not being the ideal host materials for lanthanide
ions.
The energy spacing between the 4 I11/2 and 4 I13/2 is large enough to
minimize multiphonon relaxations, thus allowing the radiative relaxation by the emission of a 980 nm-wavelength photon. A quick phononmediated relaxation occurring from the 4 I9/2 level is beneficial since it
limits back-transfer from the 4 I9/2 to the 4 I13/2 state either via stimulated
emission or through the inverse process of ETU, denoted cross-relaxation
(CR). In general, materials with low-phonon energies are ideal as hosts
for erbium ions since these minimize unwanted nonradiative relaxation
from the 4 I11/2 and the 4 I13/2 levels. Some multiphonon relaxation to
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increase the 4 I9/2 →4 I11/2 transition is though desirable, as explained
above.

Modeling
Much of the focus in this PhD project has been to understand the upconversion dynamics in erbium ions. To be able to do so, we have developed
a theoretical model based on rate equations, which consists of coupled
differential equations describing the population of the energy levels considered [35]. The details of this are thoroughly discussed in Chapter 4 and
6; however, to ensure that we are on equal footing, a short introduction
is placed here. To account for the upconversion process in erbium, we
must consider the four lowest energy levels. We wish to determine the
population of the excited states after exciting the erbium ensemble with
a light source, most often with a laser in my studies. Many processes
need to be accounted for to describe the dynamics accurately. We need
to consider, for example, absorption and stimulated emission where an
erbium ion is excited or de-excited by interacting with an external radiation field. We also need to include radiative and nonradiative relaxation
processes, where the erbium ions relax by emitting energy in the form
of light or heat. And lastly, we must account for ETU where two erbium
ions exchange energy nonradiative, as described in the previous section.
As an example, let us consider the rate of change of the 4 I13/2 state with
the occupation of the states denoted by ρi with i ∈ {1, 2, 3, 4}. We will
consider the case of resonant laser excitation on the ground state to the
first excited state. The concentration of erbium ions in this state will
increase due to the absorption of ground-state ions, radiative and nonradiative relaxation from higher excited states, and cross-relaxation to the
third excited state and the ground state. The occupation will decrease, on
the other hand, due to stimulated emission by interaction with the laser
field, radiative and nonradiative relaxation to the ground state, and ETU
to the third-excited state and the ground state, respectively. By including
all these terms, we end up with
ρ˙2 =

σ12 Φρ1 + ∑ Γ j2 ρ j + σ42 Φρ4 + W14,22 ρ1 ρ4
j >2

− σ21 Φρ2 − Γ21 ρ2 − σ24 Φρ2 − W22,14 ρ22 ,

(2.2)

where σij is the absorption or stimulated emission cross section from state
i to state j, Φ is the excitation flux of photons with dimensions of per unit
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area per unit time, Γij is the rate of radiative and nonradiative relaxation
from state i to state j, and Wij,kl is the rate of energy transfer from the
states i, j to the levels k, l and vice versa cross-relaxation.
An especially interesting solution regime to rate-equation is the socalled state-state regime when exciting with a continuous laser source.
In steady state, the rate of change of all the included states has settled.
The solution in this regime is obtained by setting the left side of the
rate-equation to zero and solving for the steady-state occupation levels
ρi . It is the theme of Chapter 4 to introduce approximation to the rate
equations describing the upconversion process in erbium such that an
analytical solution can be obtained.
When the rate equations have been solved, we want to relate the
obtained occupation level to identities, which we can measure in the lab.
The steady-state occupation of the erbium ions in the 4 I11/2 denoted ρ3 is
proportional to the number of upconverted photons that we can measure
in the lab. Typically, we are studying upconversion thin films of thickness
d and doped with erbium at a concentration level of N. Assuming a
homogeneous illumination of the upconverting sample with an area of
A, we can determine the upconversion luminescence (UCL) yield, YUCL ,
that is the number of emitted upconverted photons per unit time as
YUCL = NdAρ3 A31 ,

(2.3)

where A31 is the rate of radiative relaxation from the 4 I11/2 state to the
ground state. The product NdA of the concentration, the thickness of
the sample, and the illumination area gives the number of illuminated
erbium ions and ρ3 and A31 the probability of being in the state 4 I : 11/2
and emitting a 980 nm photon from the state, respectively. In a more
realistic scenario, the excitation has a spatial dependence that needs to be
accounted for by integration, but for simplicity, let us continue to assume
a homogeneous illumination here. The total number of absorbed photons
per unit time, Yabs , is given by
Yabs =

σ12 I
NdA,
hν

(2.4)

where I is the excitation intensity with dimensions of energy per unit
time per unit area, ν is the frequency of the excitation source assumed
monochromatic, and h is the Planck constant. From the Planck formula,
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we know that the photon energy is given by hν, and the ratio I/hν thus
gives the photon flux, Φ, with dimensions of photons per unit time per
unit area.
The internal upconversion-luminescence quantum yield (IUCQY),
defined as the ratio of upconverted to absorbed photons, is thus given by
IUCQY =

YUCL
ρ3 A31
=
.
Yabs
Φσ12

(2.5)

And finally, the external upconversion luminescence quantum yield
(EUCQY) defined as the ratio of upconverted photons to the number of
incident photons is given by
EUCQY =

YUCL
= IUCQY · Ndσ12 ,
P/hν

(2.6)

where P is the total power of the excitation source with dimensions of
energy per unit time, and the last factor Ndσ12 accounts for the probability
that an incident photon is absorbed in the upconverting film.

2.3

Photonic enhancement

The upconversion process in erbium is unfortunately not that efficient due
to poor absorption resulting from the electric-dipole limited transitions,
which is the main obstacle before real-world application of upconversionenhanced solar cells will be popularized. Luckily, it is possible to enhance
the efficiency of the upconversion process. Upconversion does not scale
linearly with the excitation intensity since it involves the subsequent
absorption of two (or more) photons. Pollnau et al. [27] showed that
the upconversion processes scale with the excitation intensity to the
power of the number of photons involved in the low excitation limit. Under sunlight conditions, the upconversion process in erbium thus scales
quadratically with the excitation intensity, and hence, we can enhance
the efficiency by concentrating the electromagnetic radiation near the
erbium ions. One way of concentrating the electromagnetic radiation
would be to place a large lens in front of the upconverting unit; this is
not a cost-efficient solution. Instead, we have chosen to focus on photonic enhancements, that is, to concentrate the electromagnetic radiation
via nanoparticles or nanostructuring. We have mainly focused on two
routes in the SunTune project: localized surface plasmon resonances and
waveguides.
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Designing optimal photonic structures is a challenging task and typically involves numerical calculations of the Maxwell equations using
techniques such as the finite element method (FEM) [36]. Fortunately, we
have had dedicated PhD students in the SunTune Project to handle the
numerical simulations, see [37, 38].
In the following, we will go through the basics of localized surface
plasmons and waveguides.

Localized surface-plasmon resonances
A surface plasmon or a localized surface plasmon (LSPR) is a collective
oscillation of the free electrons on the interface between a metal and a
dielectric, see Figure 2.4. An external electric field drives the conduction
electrons in the metal nanoparticle out of equilibrium, which then becomes polarized. The out-of-equilibrium conduction electrons create an
oppositely directed electric field, which acts as a restoring force. The phenomenon is thus analogous to a driven damped harmonic oscillator that
is driven by the external field and damped by the intrinsic ohmic losses
in the nanoparticle. Similarly to the case of a classical damped driven
harmonic oscillator, a resonance phenomenon occurs when the driving
frequency matches a fundamental frequency of the conduction electrons.
This LSPR frequency will, in general, depend on the nanoparticle material,
the surroundings, and the nanoparticle geometry.
Analytic solutions for spherical metal nanoparticles do exit. In the
quasi-static approximation, the solutions are a bit simpler and serve as
a good starting point to discuss the LSPR behavior of more complex
geometries. The essential approximation being that the diameter of the
nanoparticle is much smaller than the wavelength of the external field.
If this is true, we can neglect the retardation effects of the driving field,
and more importantly, approximate an incident plane wave by a spatially
uniform field. In the quasi-static approximation, the absorption and
scattering cross section of a metal nanoparticle is given by [39]
σabs

e − eout
= 4πka Im
e + 2eout
3




(2.7)

σscat =

8 4 6 e − eout
πk a
3
e + 2eout

2

,
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e−

e−

Figure 2.4: The figure illustrates the principle behind localized surface-plasmon
resonances. An external field, shown with the vertical black arrows, drives
the conduction electron of two metal nanoparticles out of equilibrium, which
creates a restoring field – as a result of this, forming a collective oscillation of
the conduction electrons, which is what we call a plasmon.

where k is the wave vector in the medium, a is the diameter of the metal
nanoparticle, and e and eout are the dielectric functions of the nanoparticle
and the surroundings, respectively. Obviously, the equation implies that
no absorption or scattering occur if the nanoparticle material is equal to
the surroundings, i.e., e = eout implies σabs = σscat = 0. Moreover, we
see that both cross sections in Equation (2.7) diverges for e + 2eout = 0.
However, since the surrounding materials are dielectric it follows that
Re eout ≥ 0 and Im eout ≥ 0. The divergence criteria thus implies that
Re e < 0 and Im e ≤ 0. The first criteria is fulfilled for metals in the visible
part of the electromagnetic spectrum, however, the two criteria cannot be
satisfied simultaneously due to the Kramer’s-Kronig relation [39]. The
cross sections thus remain finite but can be quite high for low-loss metals
(Im e close to 0) at optical frequencies.
Upon including retardation effects, it is possible to show that the LSPR
frequency is red-shifted for larger particles [39]. Moreover, high-field concentration tends to be close to the sharp corners of nanoparticles and in
gaps between nanoparticles. However, this is often in nanoscopic regions
as opposed to the larger volumes desired for photovoltaic application.
Also, erbium ions tend to be strongly quenched in these sites close to
the metal, which acts as a sink of energy for the erbium ions [40]. For
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Figure 2.5: The figure illustrates a simple waveguide in an upconverting film. In
a), the resonator has as plane surfaces like an etalon cavity, and in b), a periodic
plasmonic structure is placed on the film surface. The periodic nanostructures
will cause the incident electromagnetic waves to be diffracted at an angle into
the resonator. In both panels, the refractive index of the materials is denoted ni .

this reason, we have also tried to make use of waveguiding effects in
our thin-film samples of TiO2 :Er to enhance the electromagnetic energy
density in regions away from the nanoparticles.
The plasmonic structures investigated in this thesis are fabricated
using electron-beam lithography (EBL). Here, a negative mask is created
in a polymer by electron-beam exposure. The nanostructure is formed
by evaporating gold into this mask using a physical vapor deposition
system. Removing the remaining nonexposed polymer and the gold on
top of this is done in an ultrasonic bath using chemical solvents. For an
in-depth explanation of the fabrication technique, see [41].

Waveguides
The general idea of waveguides is to couple electromagnetic energy efficiently into an enclosed domain, and to concentrate the electromagnetic
energy density by exploiting the interference of electromagnetic waves.
In our case, the model setup consists of electromagnetic waves incident
on the erbium-containing film placed on top of a quartz substrate, see
Figure 2.5(a). We will model the upconverting film as a Fabry-Perot
resonator. The idea is to ensure constructive interference at the air-film
interface of the incoming and outgoing electromagnetic waves, where
the outgoing waves have traversed an extra round trip in the resonator.

19

2.3 Photonic enhancement

High electromagnetic energy concentration is achieved by ensuring that
the round-trip phase change of an electromagnetic wave in the resonator
is a multiple of 2π. For simplicity, let us only consider waves normally
incident, and that the resonator consists of a loss-less material such that
the relation r + t = 1 is fulfilled for the reflection and transmission coefficient of the electric field. The only loss is thus associated with imperfect
reflection at the boundaries, which is solely determined by the Fresnel’s
equation [42].
ri f =

ni − n f
ni + n f

2ni
,
ti f =
ni + n f

(2.8)

where the indices i refers to the first medium and j to the second. The
internal resonator intensity, I (φ), can be computed by adding an infinite
number of waves with geometrically decreasing amplitudes, the result
being [43]
Imax
I=
,
(2.9)
1 + (2F /π )2 sin2 (φ/2)

where Imax is the maximum intensity, F is the cavity finesse, a parameter
determining the quality of the resonator, and φ = 2kd is the phase change
per round trip. In Figure 2.6, the internal resonator intensity as a function
of the phase change is plotted. As seen, the internal resonator intensity is
heavily dependent on the round-trip attenuation factor r and diverges
in the limit r → 1. In our case, the attenuation coefficient is given by
r = |r12 r23 | that is the product of the reflection coefficients at the two
interfaces. It is thus very beneficial to have a high reflection, and looking
at Equation (2.8), we see that the larger refractive index of the erbium
containing film, the larger the reflection coefficient. Moreover, from
Equation (2.9), we see that the internal-resonator intensity is a periodic
function of the round-trip phase change, φ = 2πnkd. The function has
maxima for constructive interference of the reflected waves, that is, for
φ = m2π with m being a natural number. For our experimental setup,
the resonator consists of erbium-doped TiO2 with a refractive index of
approximately 2.45; hence, the first-order constructive-interference length
is about 300 nm, which is thus the natural choice for our film thickness.
By recasting Equation (2.9) in terms of frequency, one can show that
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Figure 2.6: Graph showing the internal resonator intensity as a function of phase
difference plotted for three different values of the round-trip attenuation factor.

the full width at half maximum (FWHM) is given by νF /F for a highquality resonator, that is for F  1. The acceptance bandwidth of a high
internal resonator intensity thus diminishes with high-quality resonators,
something that we must keep in mind when designing resonators for
erbium ions with a finite absorption band.
If we calculate the reflections coefficients and thereby the round-trip
attenuation factor, we get a discouraging result. The simple resonator we
have considered is a poor resonator with an attenuation factor of around
0.11 – remember this should be as close to unity as possible. So what can
we do about this? We have tried to incorporate plasmonic nanostructures
to improve the in-coupling of light as well as the reflection at the filmair interface. Here, all the same considerations described above apply,
but moreover, we need to consider the diffraction of the incident waves
and, therefore, also refraction. The incoming waves are now diffracted
at an angle, θ, into the resonator, which extends the optical path, and
consequently, the round-trip phase change, see Figure 2.5(b). This above
explanation is, of course, an oversimplification, and correct optimization
of the waveguide period requires attention to the complex response of
the plasmonic structures and the change in effective refractive index due
to the presence of the nanostructures [44].

Chapter

3

Lanthanide Upconversion:
a review
In this chapter, I will go through some of the work conducted in the field of
lanthanide-based upconversion. I will start with a historical account, including
the applications driving the research field, which I will follow up with the
theoretical development. After this, I will finish the chapter by reviewing the
work conducted in upconversion for photovoltaic applications with an emphasis
on photonic enhance upconversion. I am, of course, only able to cover a tiny part
of the extensive work reported; for a more in-depth introduction to this exciting
field of research, I refer the reader to the thorough review by Auzel [22].

21

22

3.1

Chapter 3. Lanthanide Upconversion:
a review

A historical account of lanthanide-based
upconversion

The field of dopant-ion based upconversion was founded by Bloembergen
in 1959 when he proposed a scheme to detect infrared (IR) photons based
on excited-state absorption (ESA) in a single ion [23]. This mechanism
is, however, unlikely to happen with the incoherent excitation that was
available back in the pioneering days of lanthanide-based upconversion.
Auzel proposed in 1966, and later in the same year demonstrated, that
photon upconversion in Yb3+ -Er3+ and Yb3+ -Tm3+ ion couples could
occur via nonradiative energy transfer, as proposed by Förster and Dexter
[34, 45], between two excited ions [25, 46, 47]. Auzel denoted the process
APTE for Addition de Photon par Transfert d’Energie, although this name
has never caught on in the literature where energy-transfer upconversion
(ETU) is almost exclusively used. Up until Auzel’s proposal, energy
transfer was believed only to facilitate energy migration in lanthanidedoped materials through a transfer of energy between an excited donor
ion and a ground-state acceptor ion.
However, for suitable doping concentration, ETU can be so efficient
that it can occur between two excited ions, and it was even observed
with the incoherent excitation available, as Auzel demonstrated [25, 47].
Independently, Ovsyakin and Feofilov also observed ETU in 1966 in the
same ion couple as Auzel had investigated [24]. They saw visible upconversion luminescence (UCL) from a sample doped with ytterbium and
Thulium after IR excitation from an incandescent lamp (>900 nm). They
could further substantiate the occurrence of ETU since Tm3+ ions does
not absorb the infrared light, which they demonstrated with a pure Tmdoped sample. Ovsyakin and Feofilov proposed that the observation was
due to a cooperative-sensitization process in which two excited Yb3+ ions
simultaneously transfer their energy to a single Tm3+ ion. This process is,
though, not likely to be the correct explanation of their observation due
to the low probability of the higher-order process, they proposed [48].
Instead, a sequential ETU process was likely the primary process causing
the luminescence. Ovsykain and Feofilov observed similar phenomena
in Yb3+ -Ho3+ and Yb3+ -Er3+ ion couples but here they were unable to
exclude ESA as the upconversion mechanism since both Ho3+ , and Er3+
absorb the infrared pump.

3.2 Theoretical development
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In the beginning, the research field was focused on understanding the
processes by which upconversion could occur. These studies could be
either through investigating the excitation-power dependence, the dependence of the donor and activator concentration, or the rise and decay
times of emission [47]. On the application side, a strong motivator for
the development was the visible light-emitting diode obtainable through
a coating of the lanthanide phosphor on the IR-emitting Silicon-doped
GaAs diode [49, 50]. However, also the possibility to make an IR light
detector, as proposed by Bloembergen, was a strong motivator for the
pioneering researchers [23, 51, 52]. The research field has since then diversified quite a bit with the development of laser diodes and upconverting
nanoparticles. Today, upconversion finds diverse applications in areas
such as anti-counterfeiting, bio-imaging, nanothermometry, and not least,
photovoltaics. We will here dwell into the advances within the field of
photovoltaics with a focus on implementation in crystalline silicon solar
cells since this is the primary motivation behind this PhD project. For
readers interested in the other application, I refer to the excellent reviews
by Kumar et al. [53] for uses within anti-counterfeiting, and to Jaque
and Vetrone [54] for use-cases within the field of nanothermometry, and
Wang et al. [55] for an introduction to upconverting nanoparticles for
bio-imaging and bio-labeling.

3.2

Theoretical development

On the theoretical side of the development, Judd and Ofelt independently
described in 1962 how the transitions in lanthanide ions could occur with
the observed line strengths [32, 33]. At the time, it was known that the
observed transitions in the lanthanide-doped system matched the energy
spacing among the 4f electronic levels; however, these transitions were
known to be dipole forbidden due to the Laporte rule of parity change. To
further complicate the matter, the transitions observed were too strong to
be driven by a pure magnetic-dipole interaction [30]. The accomplishment
of Judd and Ofelt was to show how the observed transitions indeed were
driven by an electric-dipole interaction, allowed due to the crystal/ligand
field of the host add-mixing a small portion of odd parity wavefunctions
into the 4f wavefunctions of the lanthanide ions. The transitions in the
lanthanide-doped system are still way weaker than observed for fully
allowed electric-dipole transitions. The probability of an ESA process –
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the only mechanism known at the time to facilitate the sizeable anti-stokes
shift observed in upconversion processes – is thus improbable unless
strong laser excitation is used.
The possibility to exchange energy nonradiative was first treated in a
quantum mechanical way by Förster in 1948 [34], although he considered
energy transfer in dye molecules with large electric dipoles and hence
did not include forbidden transitions. Dexter later proposed to extend
Förster’s theory to include higher-order multipole interactions and exchange interaction [45], which Kushida and Pouradier and Auzel then
treated using tensor-operator methods similar to those used by Judd and
Ofelt [56, 57]. These calculations only account for microscopic interactions between two ions, and statistical averaging is thus necessary for real
experiments where an ensemble of lanthanide ions are excited. Inokuti
and Hirayama studied this in a model consisting of several activators
situated randomly around a donor in the center of a spherical volume
[58]. By integrating the decay contribution of the donor, for activators
at an increasing distance to the donor, Inokuti and Hirayama were able
to derive an expression for the intensity decay of donor luminescence
that allowed them to study the nature of the energy transfer interaction
at hand. This approach was extended by Yokota and Tanimoto to include
energy transfer between donors, thus incorporating energy diffusion [59],
the results of which are quite complicated. Weber later managed to find
simple solutions in different coupling and concentration regimes and
verified them in experiments [60].
Not only the decay dynamics can unveil important information about
the excitation processes, but also the power dependence of the UCL, as
shown by Pollnau et al. [27]. From basic rate equations Pollnau et al., were
able to show that the UCL yield depends on the excitation power to some
exponent m, where m lies in the range between the number of photons
involved in the upconversion process, in the infinitely low-excitation
limit, to under one in the high excitation-limit, where excitation to even
higher states are possible. In general, rate equations have proven to be
a powerful tool to understand upconversion dynamics, as shown by the
simple cases previously mentioned and the model discussed in Chapter
4. Also, more sophisticated models have been reported, for instance, the
model developed by Fischer et al. [61], which included the six lowest states
of erbium. They did an impressive work in determining rate-equation
parameters through experiments and theoretical fits. They later used their
model to evaluate upconversion enhancement by plasmon resonances

3.3 Upconversion for solar cell enhancements
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[62] and photonic improvement in Bragg stacks [63], where both the
change in local energy density and the difference in the local density
of optical states (LDOS) are computed and incorporated in the rateequation model. Finally, an interesting distributed rate-equation model
has been published by Villaneauva-Delgado et al. [64]. They simulated
the upconversion dynamics in the Yb3+ -Tm+3 ion couple [64]. Here, the
ions are placed at random on the lattice sites of the host material NaYF4
to match a certain concentration level. The dynamics are resolved by
assigning a rate-equation system to each ion with the different systems
coupled to each other. The rate equations for all ions are then solved
simultaneously, which adequately accounts for the migration of energy,
and the effect of different distances between the excited ions.

3.3

Upconversion for solar cell enhancements

The field of upconversion enhanced solar cells gained much attention in
2002 due to a theoretical paper by Trupke and Green [65]. Here, Trupke
and Green calculated the maximum efficiency gain of a solar cell with an
ideal upconverter on the backside to 47.6 % at nonconcentrated sunlight.
Since then, more realistic calculations accounting for real upconverter
efficiencies have been reported showing limited efficiency gain; although,
they also show great potential if the external upconversion quantum
yield (EUCQY) of existing upconverters is improved [66–68]. Shalav
et al. [69] first realized the experimental implementation of a solar-cell
device with upconverter, where they attached erbium-doped fluoridebased phosphors on the rear side of a bi-facial silicon solar cell. The same
group later improved their results in a similar setup, where they obtained
an EUCQY of 2.5(2) % under an estimated 0.2 W cm−2 monochromatic
excitation at 1523 nm [70]. Other results worth mentioning are various
result obtained by Fischer et al. [71, 72], in different host materials such
as NaYF4 , Gd2 O2 S, and BaY2 F8 with a maximum EUCQY in the latter of
8.0(2) % under 0.45(2) W cm−2 monochromatic excitation at 1520 nm.
For real-world applications, monochromatic excitation is of minimal
interest due to the broadband emission of the sun. However, it is difficult
to conduct controlled experiments outside; hence, normally, solar simulators are used. However, it is not possible to match the solar spectrum
perfectly, and a spectral correction is thus needed. Moreover, ambiguities
arise when determining the excitation level, typically in units of suns.
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The first broadband measurement of upconversion-enhanced solar cells
was published by Goldschmidt et al. [73], who also attached upconverting
nanoparticles of NaYF4 :Er on the backside of a bi-facial silicon solar cell.
Hereby, they obtained an averaged upconversion efficiency of 1.07(13) %
over the spectral range from 1460 nm to 1600 nm at a concentration level
of 732(5) suns [73]. To my knowledge, Fischer et al. [72] have measured
the highest recorded solar-cell enhancement with an estimated relative
short-circuit current enhancement of 0.55(14) % at 94(17) suns. This
record is still far too low for cost-efficient devices, especially when extrapolated to realistic excitation conditions; hence, research development
is now focussing on ways to improve the upconversion enhancement
of photovoltaic devices. These efforts can, in general, be divided into
two groups. One focused on utilizing a broader spectrum of the sun
by solar concentrators, as proposed by Goldschmidt et al. [74]. Here,
the available number of photons accessible for the upconversion process is increased, for instance, by downshifting the solar radiation in
the range from 1100 nm to 1450 nm into the absorption band of trivalent
erbium ions. The other method to improve the efficiency of upconverters
is focused on improving the upconversion efficiency by photonic enhancement utilizing the nonlinear nature of upconversion as well as the
quantum efficiency of the emitting states through changes in the LDOS.
Photonic enhanced upconversion is the subject of the next section.
For further information on upconversion application in photovoltaics,
I refer the reader to the thorough reviews by de Wild et al. [75], and by
Goldschmidt and Fischer [76].

3.4

Photonic-enhanced upconversion

Photonic enhancement and especially enhancement by surface plasmons
from metallic nanoparticles have received much attention in the last
decade due to their ability to significantly enhance the upconversion process. There are, generally speaking, two ways photonic enhancement can
improve upconversion efficiency: Either by increasing the absorption/excitation or by increasing the efficiency of the radiative-emission process.
The absorption/excitation can be increased by concentrating the local
field at the lanthanide ion utilizing the nonlinear nature of the process,
whereas enhancing the emission process is achieved by changing the
LDOS using the Purcell effect [77]. The latter two pathways will improve
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the quantum efficiency of light emission from the excited state of the
lanthanide ion, thus improving the internal upconversion quantum yield
(IUCQY) of the upconverter. Enhancing the emission process is, however,
challenging since the nonradiative relaxation can also be enhanced when
introducing a metal nanoparticle close to the lanthanide ion, which will
decrease the IUCQY [40].
For this reason, the high enhancements reported typically focus on
the excitation process; however, in general, most of the work reported has
targeted the emission process since metal nanoparticle exhibits natural
plasmon resonances in the visible region. The, by far, most used materials
for photonic enhancement are gold and silver, where silver, in principle,
should give more substantial improvements due to a lower intrinsic
loss. However, this is not seen in the reported experimental evidence.
Moreover, for general consideration, periodic structures tend to yield
larger enhancement factors than random particles, which is probably
due to the possibility of making use of grating couplers to concentrate
the electromagnetic energy density at the location of the upconverting
ion. However, using periodic structures can, for this reason, make the
interpretation the origin of the enhancement more challenging since it can
be complicated to separate the diffractive and the plasmonic resonance.
In the following, we will review some of the work conducted in the
research field, covering both aims of increasing the absorption/excitation
and the emission. Naturally, we can only cover a tiny portion of the
extensive work conducted in this exciting field of research. For a thorough
introduction, I refer the reader to the excellent reviews by Wu et al. [78],
and by Park et al. [79].
Zhang et al. [80] has reported strong enhancement in absorption/excitation-matched plasmon resonance. They studied plasmon enhancement
in the ion couple Er3+ -Yb3+ doped in nanoparticles of NaYF4 . The plasmon originates from gold covered disk-coupled dots-on pillar antenna
array (D2PA). Zhang et al. tuned the plasmon frequency by changing
the height of the D2PA structure, and with this, they were able to obtain
a 310-fold enhancement of the red Er3+ luminescence for an excitation
intensity below 400 W cm−2 . Verhagen et al. [81], were able to achieve
even higher enhancement factor also in absorption matched gold-aperture
arrays. They studied upconversion enhancement in Er3+ ions implanted
in a sapphire substrate on top of which the gold-aperture array was
deposited using electron-beam lithography. By optimizing the period and
size of the apertures, they measured an, at the time, world-record 450-
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fold enhancement of the 980 nm luminescence after 1480 nm-wavelength
excitation at a relatively low intensity of 2 W cm−2 . These enhancement
factors above 100 are rare, probably due to the emission enhancement
trend in the field, where a complex interplay between emission enhancement and quenching occurs. Interesting results were also reported by
Aisaka et al. [82], who observed large enhancement from erbium-doped
Al2 O3 from silver nanoislands. By tuning the size of nanoisland, they
were able to achieve a 220-fold enhancement of the UCL yield from
980 nm to 520 nm in trivalent erbium. Unfortunately, they do not state
the excitation level; the power dependence is though quadratic, and, we
can hence assume that the excitation level is in the low-saturation regime.
Aisake et al. also did a quantitative study of the origin of the enhancement
by studying both upconversion and downconversion luminescence from
their samples, which also showed more importance of optimizing the
absorption/excitation process. Hoffman et al. [63, 83], took an entirely
different approach, where they investigated one-dimensional photonic
structures of alternating layers of TiO2 and Poly(methylmethacrylate)
(PMMA) containing core-shell nanoparticles of NaYF4 :Er. The alternating
layers constitute a one-dimensional photonic crystal, which can both
enhance the upconversion by concentrating the energy density in the
active layers and by changing the LDOS, which in turn can improve
the IUCQY. In a thorough simulation-based analysis, they reported a
300-fold enhancement at 1 sun for a production tolerance of the layers on
1 nm [63]. Experimental verification of the simulation still awaits, here it
will be especially interesting to see how much the change in the LDOS
can enhance the upconversion and how well the experiments match the
simulations.
Finally, the highest reported enhancement factor of lanthanide-based
upconversion, to the best of my knowledge, was reported by Das et
al. [84]. They studied the plasmon enhancement of NaYF4 :Er3+ -Yb3+
core-shell nanoparticles in an excitation enhanced metal-insulator-metal
(MIM) structure. By tuning the diameter of the MIM structure, they were
able to tune the resonance frequency to match the excitation wavelength
at 980 nm with minimal quenching at the emission wavelength around
530 nm. As a result of this, they were able to achieve an impressive
1198-fold enhancement in the low excitation regime estimated from their
graph to be around 20 W cm−2 .

Chapter

4

The rate-equation model
Due to the low absorption of erbium and the thickness of the magnetron sputtered
TiO2 films, I have not been able to measure the absorption strength from which
many of the upconversion parameters can be derived. This publication presents
an alternative route by constructing a simplified model with analytic solutions.
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Context

1500 nm to 980 nm upconversion in trivalent erbium is a complex process,
involving many interactions such as absorption, radiative and nonradiative relaxation, and energy-transfer. All of these processes, except the
nonradiative relaxation process, are correlated to the absorption strength
of the erbium ions. The emission strength, both stimulated and spontaneous, can be calculated from the absorption strength through the
McCumber theory [31], and the transition strength between excited states
can be related to the absorption strength using the Judd-Ofelt theory
[30, 32, 33]. Even the energy-transfer processes are related to the transition strength, as shown in Section 2.2. The initial goal of this PhD project
was to measure the absorption strengths, and from these, I should build
a numerical model, which should be used to investigate the dynamics of
upconversion further. Unfortunately, measuring these parameters proved
to be an insurmountable task due to the low absorption and thickness of
the upconverting thin film, which I have been studying.
Instead, we switched our efforts to study some of the upconversion processes, which I had failed to measure, through an analytic rateequation model. Many simplifications had to be implemented, to construct such a model, which posed a challenge since this naturally would
come at the expense of lowering the model accuracy. For instance, we
had to cut the number of energy levels included to a bare minimum, and
neglect many processes that were less like to occur due to more dominant
ones. In this way, we succeeded in creating a simplified rate-equation
model, the accuracy of which we then had to test for various upconverters
in an extensive dynamic range.
My contribution to the publication was to: conduct all measurements,
create all figures, and write most of the manuscript. The following
sections present the article: J. Christiansen, H. Lakhotiya, E. Eriksen, S. P.
Madsen, P. Balling, and B. Julsgaard, “Analytical model for the intensity
dependence of 1500 nm to 980 nm upconversion in Er3+ : A new tool
for material characterization,” Journal of Applied Physics, vol. 125, no. 4,
p. 043106, 2019 reproduced with the permission of AIP Publishing, with
only minor formatting changes to fit the format of this thesis as well as
some typographical corrections.
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Abstract:
We propose a simplified rate-equation model for the 1500 nm to 980 nm upconversion in Er3+ . The simplifications, based on typical experimental conditions as
well as on conclusions based on previously published more advanced models,
enable an analytical solution of the rate equations, which reproduces known
properties of upconversion. We have compared the model predictions with
intensity-dependent measurements on four samples with different optical properties, such as upconversion-luminescence yield and the characteristic lifetime of
the 4 I13/2 state. The saturation of the upconversion is in all cases well-described
by the model over several orders of magnitude in excitation intensities. Finally,
the model provides a new measure for the quality of upconverter systems based
on Er3+ – the saturation intensity. This parameter provides valuable information
on upconversion parameters such as the rates of energy-transfer upconversion
and cross-relaxation. In the present investigation, we used the saturation intensity to conclude that the differences in upconversion performance of the
investigated samples are mainly due to differences in the nonradiative relaxation
rates.

4.A

Introduction

Ions of trivalent lanthanides have shown great potential for upconversion;
i .e. the process in which two or more long-wavelength photons are
combined to one of shorter wavelength [23, 24, 26, 85]. In contrast to
the case of harmonic generation in nonlinear crystals, the upconversion
in lanthanides is mediated by real intermediate states. This lowers the
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demands on the intensity and even allows upconversion of incoherent
light. The optical properties of Er3+ , when embedded in crystalline or
glass hosts, make it applicable in photovoltaic applications. The capacity
to up-convert light with wavelengths from around 1500 nm to 980 nm,
above the band gap of silicon, means that the energy can be absorbed
and converted to electricity [70, 86, 87].
Upconversion is a nonlinear process involving the absorption of at
least two photons. Moreover, the fact that the active 4f-4f transitions are
dipole forbidden necessitates high excitation intensities. However, the
nonlinear nature of the upconversion process facilitates an opportunity
to enhance the upconversion efficiency, simply by focusing the light.
In a crude model, the upconversion luminescence is proportional to
the intensity of the incoming light to some power m, that depends on
the intensity itself. In general, m will have a value between one and
the number of photons needed in the upconversion process [27]. As
long as m > 1 there will be a net enhancement of the upconversion by
focusing the light. Introducing metallic nanoparticles can enhance the
upconversion luminescence (UCL) through a resonance phenomenon
called a localized surface plasmon, where the incoming light interacts
with the metal nanoparticle causing an increase in the near-field around
the nanoparticle [62, 88, 89]. In this way, we have previously obtained a
seven-fold enhancement of the upconversion luminescence [4].
To fully utilize the nonlinear nature of upconversion, the saturation
of the process must be understood better. Rate equations have proven to
be powerful for studying lanthanide upconversion [27, 61, 90]. The rate
equations are coupled differential equations stating the probability of an
erbium ion occupying one of the considered energy levels. In principle,
the rate equations can easily be solved numerically. However, for a physical sound model, the parameters should be experimentally determined
or at least verified, which complicates the task quite a bit. In general,
rate equations for lanthanide upconversion are more complex than other
typical systems, such as lasers and gain materials, due to the important
processes of energy-transfer upconversion (ETU) and the reverse cross
relaxation (CR), where two ions exchange energy nonradiatively [34].
This further couples the rate equations, and, more importantly, introduces nonlinear terms. In the literature, some authors have, nonetheless,
come quite far in determining the parameters for rather complex models
[61, 90].
In the present paper, we aim to construct a simplified model for

33

4.B The simplified rate-equation model

σij , σji Wetu, Wcr

E

Γij

|4i

4

I9/2

|3i

4

I11/2

|2i

4

I13/2

|1i

4

I15/2

Figure 4.1: Illustration of the rate-equation model, with the included parameters
illustrated as colored arrows, i.e., absorption and stimulated emission (straight
arrows), energy-transfer upconversion and cross-relaxation (solid and dashed
arched arrows), and radiative and nonradiative relaxation (curly arrows). The
processes not included in the simplified model are depicted in gray.

erbium-based upconversion, which provides insight into the physical processes involved. By imposing simplifications, argued for on the basis of
typical experimental settings as well as parameters found in the literature
[61], an analytic expression for the UCL yield is derived, which also gives
the saturation behavior. Despite the simplicity of the model, it describes
the measured upconversion luminescence, including the saturation behavior, over several orders of magnitude in excitation intensity quite
well for four different up-converting samples prepared in two different
host materials. The model also opens new pathways for determining
parameters such as the absorption cross section and the rates of ETU and
CR through relative saturation measurements instead of more involved
absolute measurements.

4.B

The simplified rate-equation model

The energy levels of lanthanide ions are in general grouped into different
terms, 2S+1L J , corresponding to electronic quantum numbers: S for the
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spin, L for the orbital angular momentum, and J for the total angular
momentum. When embedded into a host material, the crystal field causes
a further Stark splitting of each term. However, this splitting is moderate
in comparison with the separation between the different terms, and the
relaxation among the Stark-split levels within each term is fast compared
to the lifetime of the terms [31]. From a modeling perspective, it is thus
a good approximation to account only for populations on a term-wise
basis. In the present paper, the aim is to simplify such a rate-equation
model as much as possible while maintaining a reasonable description of
experiments. The minimal set of energy levels, which must be included
in order to describe upconversion from 1500 nm to 980 nm, consist of
the four lowest-lying terms, 4 I15/2 , 4 I13/2 , 4 I11/2 , and 4 I9/2 (shown in
Figure 4.1), since the upconversion process relies on energy transfer
involving the 4 I9/2 level. In practice, the higher-lying states contribute
little to the total UCL yield, and it is thus reasonable to simply truncate
the rate equations to these four levels, which are henceforth denoted
as levels 1, 2, 3, and 4, respectively, see Figure 4.1. Defining ρ j as the
probability that the jth state is populated, with ρ1 + ρ2 + ρ3 + ρ4 = 1 for
conservation of probability, the rate equations can be written:
dρ1
I
I
= − σ12 ρ1 + [Γ21 + σ21 ]ρ2 + Γ31 ρ3 + Γ41 ρ4 + Wetu ρ22 − Wcr ρ1 ρ4 ,
dt
hν
hν
dρ2
I
I
I
= + σ12 ρ1 − [Γ21 + {σ21 + σ24 }]ρ2 + Γ32 ρ3 + [Γ42 + σ42 ]ρ4
dt
hν
hν
hν

− 2Wetu ρ22 + 2Wcr ρ1 ρ4 ,

(4.1)

dρ3
= − [Γ31 + Γ32 ]ρ3 + Γ43 ρ4 ,
dt
dρ4
I
I
= + σ24 ρ2 − [Γ41 + Γ42 + Γ43 + σ42 ]ρ4 + Wetu ρ22 − Wcr ρ1 ρ4 .
dt
hν
hν

Here I is the intensity of the incoming radiation, assumed to be monochromatic at frequency ν with dimension of energy per unit time per unit
area. σij is the cross-section for absorption or stimulated emission between levels i and j with dimensions of area. Γij is the total decay rate,
radiative and nonradiative, from level i to level j with dimensions of per
unit time. The nonradiative part of the total decay rate is anything not
radiative in nature, that is multi-phonon relaxation and energy migration to defects of the host crystal [2]. Wetu describes the rate of ETU by
Förster-resonant-energy transfer with two ions in state 2 as the initial
state and one ion in each of the levels 1 and 4 as the final state, and Wcr
describes the reverse process – cross-relaxation. Both Wetu and Wcr have

4.B The simplified rate-equation model

35

dimensions of per unit time and include the energy-overlap integral of
the line-shape function as well as the spatial dependence, proportional to
1/R6 for electric-dipole driven transitions [34], where R is the separation
of the ions. In the above equation, R is assumed to take on a single
value characteristic for the sample, and Wetu and Wcr are thus treated in
an approximate and averaged manner. Based on typical parameters for
Er3+ ions [61], the following observations and further approximations
are made: (i) The excitation probability is small unless I is very high.
As a result, ρ1 ≈ 1 and ρ2,3,4  1, allowing for replacing ρ1 by unity
in the differential equations and for neglecting the stimulated emission
term σ21 hνI ρ2 , since σ12 and σ21 are comparable in magnitude. (ii) At the
normally used concentration of Er3+ for upconversion applications, the
energy-transfer mechanism is dominating over excited-state absorption,
leading to the neglect of the terms involving σ24 and σ42 . (iii) Due to the
relatively small energy difference between the states 3 and 4, the decay
rate Γ43 , dominated by nonradiative multi-phonon relaxation, is much
faster than both Γ41 and Γ42 , which are hence neglected. (iv) Γ31 exceeds
Γ32 by more than an order of magnitude [61], and Γ32 is neglected to
further simplify the equations. With these approximations, the equations
become:
I
dρ1
= − σ12 + Γ21 ρ2 + Γ31 ρ3 + Wetu ρ22 − Wcr ρ4 ,
dt
hν
I
dρ2
= + σ12 − Γ21 ρ2 − 2Wetu ρ22 + 2Wcr ρ4 ,
dt
hν
dρ3
= − Γ31 ρ3 + Γ43 ρ4 ,
dt

(4.2)

dρ4
= − Γ43 ρ4 + Wetu ρ22 − Wcr ρ4 .
dt
These rate equations, (4.2), can be solved analytically in the steady-state
regime by setting the time derivatives equal to zero. For the last equation,
dρ
setting dt4 = 0 leads to
ρ4 =

Wetu ρ22
,
Wcr + Γ43

(4.3)
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which can be inserted into the second equation with
quadratic equation for ρ2 :

dρ2
dt

= 0, leading to a

2Wetu Γ43 2
I
ρ2 + Γ21 ρ2 − σ12
= 0.
Wcr + Γ43
hν
The physical (positive) solution to this equation is:
s
!
8Wetu Γ43 σ12 I
Γ21 (Wcr + Γ43 )
1+
−1
ρ2 =
4Wetu Γ43
hνΓ221 (Wcr + Γ43 )
s
!
2σ12 Isat
I
≡
1+
−1 ,
hνΓ21
Isat

(4.4)

(4.5)

with the saturation intensity Isat defined as
Isat =

hνΓ221 (Wcr + Γ43 )
.
8σ12 Wetu Γ43

(4.6)

It is noteworthy that this saturation intensity can be much smaller than
dρ
21
the usual two-level-system value of ≈ Γσ12
. Setting dt3 = 0 in the third
line of Equation (4.2), the population of level 3 must be
ρ3 =

hνΓ221 ρ22
Γ43 Wetu ρ22
Γ43
ρ4 =
=
,
Γ31
Γ31 (Wcr + Γ43 )
8Γ31 σ12 Isat

(4.7)

where we used ρ4 from Equation (4.3) in the second step. Inserting ρ2
from Equation (4.5) leads to
s
!
σ12 Isat
I
I
ρ3 =
1− 1+
+
.
(4.8)
hνΓ31
Isat 2Isat
The rate of photon emission, ΓUCL , from level 3 to 1 in each ion is given
by the product of the probability ρ3 and the Einstein coefficient A31
describing spontaneous emission, i.e.,
s
!
I
I
ΓUCL = Γeff 1 − 1 +
+
,
(4.9)
Isat 2Isat
σ12 Isat
where Γeff = A31hνΓ
was defined for brevity. In an experimental setting,
31
3
+
the Er ions will typically be embedded in a thin film of thickness d and
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with a concentration of N. If the film is much thinner than the absorption
depth, and if the incoming radiation is assumed constant across a beam
area A, the total number of up-converted photons emitted per second,
denoted as the UCL yield, is then given by:
s
)
(
I
I
+
.
(4.10)
YUCL = NdAΓeff 1 − 1 +
Isat 2Isat
One may also consider a Gaussian intensity profile, which is relevant in
typical experiments with laser excitation of the upconversion material.
This leads to a distribution of intensities,


2r2
2P
exp − 2 ,
(4.11)
I (r ) =
πw02
w0
where P is the total beam power and w0 is the beam radius where
the intensity has dropped to 1/e2 . The upconversion emission rate
ΓUCL = ΓUCL [ I (r )] from Equation (4.9) thus becomes spatially dependent
through its intensity dependence, and the upconversion yield must be
calculated as an integral:
ˆ ∞
YUCL =
NdΓUCL [ I (r )]2πrdr.
(4.12)
0

Since the intensity I is an injective function of r, we can substitute X ≡
I (r )/Isat to obtain
!
√
ˆ
Ndπw02 Γeff 2 Ī/Isat 1 − 1 + X 1
YUCL =
+
dX,
(4.13)
2
X
2
0
where Ī ≡ P/πw02 is the characteristic intensity of the Gaussian laser
beam. After some algebra, one finds the result:
(
"p
#
1
+
2
Ī/I
+
1
sat
YUCL = Ndπw02 Γeff 1 + ln
2
(4.14)

p
Ī
+
− 1 + 2 Ī/Isat .
2Isat
This result is very similar to the simple expression of Equation (4.10)
with the identification of the beam area A → πw02 . A comparison of the
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expressions is shown in Figure 4.2(a) where f is the curly brackets in
either of the expressions (4.10) and (4.14). The two expressions also share
the asymptotic behavior

YUCL =


 1 NdAΓ

eff
8
 1 NdAΓ
eff
2



I

2

Isat 
I
Isat

when I  Isat ,

when I  Isat ,

(4.15)

provided that A = πw02 and I = P/A for the case of an incoming
Gaussian beam. This reproduces the well-known quadratic behavior at
low intensities, corresponding to the number of photons involved in the
upconversion process, and a linear behavior in the saturated regime [27].
We remind that the model will break down for high intensities, since
ρ3 was assumed much smaller than unity but it grows without limits in
Equation (4.8) for large values of I. Nonetheless, with the proper attention
to the range of validity, the model opens the possibility to study rateequation parameters through Equation (4.6) from the saturation behavior
of the UCL. This is the topic of the next sections.
From the model Eqs. (4.10) and (4.14), we can estimate the internal
upconversion quantum yield (IUCQY) defined as the ratio between the
number of emitted and absorbed photons. In a thin slab of thickness d,
the number of absorbed photons per second is Yabs = NdAσ12 I/hν, and
the quantum yield then becomes
A Isat
YUCL
= 31
f
IUCQY =
Yabs
Γ31 I



I
Isat



.

(4.16)

The functional behavior of the IUCQY for the two intensity profile is
shown in Figure 4.2(b). Due to Equation (4.15), the IUCQY grows as
I
IUCQY ≈ 18 AΓ3131 Isat
when I  Isat and saturates to the level of IUCQY ≈
1 A31
2 Γ31

when I  Isat . In the latter expression, the factor of 12 reflects
the fact that two photons must be absorbed in order to create one upconverted photon, and the ratio AΓ3131 equals the quantum efficiency of
radiative emission from level 3. This resembles, to a large extent, the
experimentally observed behavior in Er-doped NaYF4 and Gd2 O2 S in
previous investigations [91, 92].
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Figure 4.2: Functional comparison of the results derived for a constant intensity
profile (red) and for a Gaussian intensity profile (black). In panel a), the direct
functional behavior of Eqs. (4.10) and Equation (4.14) is shown, whereas the
internal upconversion quantum yield (IUCQY) of the two expressions, Equation (4.16) assuming 100 % quantum efficiency of the emitting level, is seen in
panel b).

4.C

Experimental Details

Four samples with very different optical properties have been investigated in this work. Two of the samples consist of chemically synthesized
β-NaYF4 nanoparticles spin-coated in mono-layers on fused-quartz substrates. The nanoparticles were doped with Er3+ at a concentration of
approximately 2.3 × 1021 cm−3 , see Ref. [6]. Nanoparticles, without a
shell layer and with a shell layer of 10 nm NaLuF4 , have been synthesized. Shell layers for rare-earth-ion doped NaYF4 nanoparticles are
known to reduce nonradiative relaxation mediated by the surface of the
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nanoparticle, thus improving the upconversion efficiency [93, 94]. The
nanoparticles have been synthesized with erbium precursors of 99.9%
purity; more information on the synthesis and characterization of the
nanoparticles is provided in Ref. [6]. The remaining two samples consist
of magnetron-sputtered TiO2 doped with Er3+ , to a concentration of
approximately 4.9 × 1021 cm−3 , on a fused-quartz substrate. The samples
were sputtered at different deposition temperatures of 250 ◦C and 350 ◦C.
The difference in temperature is known to change the upconversion properties. An increase in the density of oxygen vacancies for decreasing
deposition temperature is believed to cause nonradiative relaxation, and
hence quench the upconversion [2]. The purity of the erbium precursor
in the purchased sputtering target is 99.95%; more information on the
fabrication and synthesis of the erbium-doped TiO2 thin films is provided
in Ref. [2]. The samples will henceforth be denoted as NaYF4 :10 nm,
NaYF4 :0 nm, TiO2 :D350, and TiO2 :D250.
The samples have been investigated by steady-state UCL spectroscopy
and by time-resolved photoluminescence spectroscopy. The intensitydependent UCL measurements were carried out by exciting the samples
at 1500 nm by a continuous-wave (CW) diode laser resonant with the
4I
4
15/2 → I13/2 transition. The UCL was detected by a Princeton Instruments spectrograph, consisting of an Acton SP2358 monochromator and
a PIXIS:100BR CCD camera. The spectra were calibrated for the spectral
response by a Princeton Instrument calibration light source. The laser
power was varied by inserting neutral-density filters in the beam path.
The laser-beam area was estimated to 6 × 10−5 cm2 using the razor-blade
method. The time-resolved measurements were carried out using a 35 fs
pulsed Ti:sapphire laser from Spectra-Physics. The pulsed laser had a
peak wavelength of 800 nm, which made it possible to excite the 4 I9/2
level. The luminescence from the 4 I13/2 → 4 I15/2 transition, at the detection wavelength of 1535 nm, was subsequently captured by an integrated
system consisting of a Princeton Instruments Acton SP2358 monochromator, a Hamamatsu R5509-73 photo-multiplier tube, and a Fast ComTech
P7888-2 multi-scaler.

4.D

Results

An example of the UCL spectra measured with the highest excitation
intensity of 3 × 102 W cm−2 is shown in Figure 4.3. The samples do not
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Figure 4.3: Example of the upconversion luminescence spectra obtained by
excitation with a 1500 nm continuous-wave laser diode. See the legend for color
coding of the individual samples.
Table 4.1: The fitted saturation intensities in units of W cm−2 for the four
investigated samples.

Sample
NaYF4 :10 nm
NaYF4 :0 nm
TiO2 :D350
TiO2 :D250

Isat [W cm−2 ]
0.5(1)
51.3(3)
87.2(1)
207.6(4)

quite have the same optical properties, as relatively more luminescence
from the higher excited states is seen for the NaYF4 samples. However,
even at the highest investigated intensity, all samples emit at least an order
of magnitude more light at 980 nm compared to all other emission lines.
The UCL yield was calculated by integrating the area of the UCL peak
at 980 nm, and plotted against the excitation laser intensity in Figure 4.4
together with fits to the analytical expression in Equation (4.14). Notice
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that only two fitting parameters are needed: an amplitude/strength
parameter including the pre-factor of Equation (4.14) as well as the
experimental collection efficiency, and the saturation intensity.
The proposed model can only be expected to describe the measurements when the approximations are valid. To ensure a quantitative
measure of this, data points are excluded if less than 99 % of the luminescence originates from the 4 I11/2 compared to the states, 4 S3/2 and
4F
9/2 , not included in the model. None of the TiO2 data points have been
excluded, whereas some have been excluded from the NaYF4 samples;
see the open-face data points in Figure 4.4(a). As seen, the model agrees
well with the measurements over several orders of excitation intensity
with deviations only where expected. The fitted saturation intensities
are presented in Table 4.1. The time-resolved measurements are shown
in Figure 4.5. All samples show approximately single-exponential decay
with an initial rise. This can be explained by the fact that some relaxation
has to occur from the excited 4 I9/2 and 4 I11/2 levels to the investigated
4I
13/2 level. The samples show very different characteristic decay times
found by fitting the decay curves to functions on the form
f (t) = [1 − ar exp(− gr t)] exp(− gd t),

(4.17)

where ar is a relative amplitude for the rise, gr is the rate of the rise, and gd
is the decay rate. The time-resolved measurements were carried out at low
excitation intensities to minimize the rate of energy-transfer upconversion
such that 1/gd is a good estimate of the 4 I13/2 state lifetime. Lifetimes
between 200 µs and 7 ms have been determined, with the NaYF4 :10 nm
sample distinguishing itself with a much longer decay time than the
other samples. The long decay time is probably the reason why some of
the data points for this sample, fall outside the scope of the presented
model and therefore have to be omitted. Finally, the measured decay rate
has been correlated to the fitted saturation intensity, see Figure 4.6. The
saturation intensity is increasing strongly with an increasing decay rate
in correspondence with Equation (4.6), assuming similar values of the
unknown parameters Wetu and Wcr .

4.E

Discussion

The successful fitting of the saturation curves in Figure 4.4 provides
directly an experimental value for Isat , which in turn provides informa-
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tion about the model parameters contained in Equation (4.6). At first
glance, this equation states that Isat should scale quadratically with the
observed decay rate. Considering Figure 4.6, this is almost the case, at
least for the NaYF4 samples. However, one should bear in mind that
the Er3+ ions for the two different host materials, TiO2 and NaYF4 , need
not have identical absorption cross section σ12 , relaxation rate Γ43 , nor
energy-transfer rates, Wetu and Wcr , and these parameters may also be
affected by the presence/absence of the shell for the NaYF4 nanoparticles
or by the different deposition conditions for the TiO2 films. Nonetheless,
the pronounced increase of Isat with increasing decay rate still indicates
that nonradiative decay channels are mainly responsible for the increased
decay rate. To illustrate this point, imagine an ideal up-converting material, essentially free from nonradiative decay in order to minimize
heat losses in an up-converting device. In this case, Γ21 = A21 , i.e. the
spontaneous emission rate A21 constitutes the entire total decay rate Γ21 .
A fast (nonradiative) decay rate Γ43  Wcr is desirable though since
population would be transferred efficiently from level 4 to level 3 immediately after the energy-transfer-upconversion process, thus preventing
the cross-relaxation process from returning ions to level 2. In this scenario, Equation (4.6) reduces to Isat ≈ hνΓ221 /8σ12 Wetu . Now, suppose
the material properties were varied in a way that causes changes in the
dipole moment for transitions between the different energy levels, and
in turn, variations in the radiative decay rate Γ21 = A21 . Such changes
in the dipole coupling would also affect the absorption cross section,
σ21 ∝ A21 , and the energy-transfer rate, Wetu ∝ A21 A42 ∝ A221 . The latter
proportionality can be argued for, based on Judd-Ofeldt theory, which
states that the radiative decay rates Aij between levels i and j are correlated [32, 33]. In total, for a material with radiatively limited decay
−1
rates, one would expect the scaling Isat ∝ Γ21
. Despite the material
differences between the investigated samples, this is evidently not the
case. The physical origin of the nonradiative decay channels will be
discussed elsewhere [2, 6]. At the device level, an appropriate intensity
to target is I ≈ 10Isat , see Figure 4.2(b). In comparison, on the surface
of Earth, the Sun delivers ≈ 1000 W m−2 in the entire spectrum. In a
silicon solar cell, only light with a wavelength below 1100 nm is absorbed,
leaving the longer wavelengths available for upconversion processes. In a
device, which combines downshifting and erbium-based upconversion
[74, 92, 95], one could ideally exploit the ≈100 W m−2 available within
the wavelength range between ≈ 1100 nm and ≈ 1550 nm, which in turn
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would require a material with Isat ≈ 10 W m−2 = 10−3 W cm−2 if there is
no concentration of the incoming radiation. It should be noted that the
idea of Goldschmidt et al. [74] includes some fluorescent concentration,
and that enhancement of upconversion via plasmonic coupling to metal
nanoparticles has been demonstrated [4]. In Figure 4.7 the theoretical
upper bound on the IUCQY, computed from Equation (4.16) with the
measured saturation intensities, is plotted for all investigated samples
against the excitation intensity. A dotted line has been inserted to indicate
the above-mentioned solar radiation available for a perfect downshifter
and upconverter complex. Even the NaYF4 :10 nm barely crosses 1 per
mille at this excitation level. This clearly shows that also tailoring of
material hosts, leading to a larger radiative decay rate, is very desirable
for the exploitation of the upconversion process in solar-cell devices for
example by introducing an efficient-absorbing sensitizer, see Ref. [96].
The figure shows the linear region of the IUCQY and the saturation
towards the maximum value of 0.5. Only the NaYF4 :10 nm sample shows
significant saturation.
The above discussion on how physical parameters like Γ21 affect
Isat can be extended to cover also the impact on the upconversionluminescence yield, YUCL . To this end, assume that the decay rates
Γ21 , Γ31 , and A31 together with the intensity, I, of the incoming radiation
vary within some limited range, while Wetu , Wcr and Γ43 are assumed to
vary very little. One can then see directly from Eqs. (4.10) or (4.14) that
YUCL is directly proportional to the quantum efficiency of 4 I11/2 , defined
as the ratio of radiative relaxation rate and the total relaxation rate. The
dependence on I and Γ21 is a little more involved. The upconversionluminescence yield can be expressed commonly as:
YUCL =

A31 NdAσ12 Isat
f ( I/Isat ),
Γ31
hν

(4.18)

where f represents the curly parentheses in Eqs. (4.10) or (4.14). For a
reasonably limited intensity range, one may approximate the intensity
behavior by a power law, YUCL ∝ I m , such that the slope of the UCL
versus intensity is m in a double logarithmic plot. In a similar manner,
the functional dependence on Γ21 can be estimated by:


d ln YUCL
∂ ln YUCL
∂ ln YUCL ∂ ln x
d ln Isat
=
+
d ln Γ21
∂ ln Isat
∂ ln x ∂ ln Isat d ln Γ21
(4.19)
= 2(1 − m ).
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√
For the case of Equation (4.10) one can show that m = 1 + 1/ 1 + I/Isat .
Now, suppose the erbium-ions are driven at m = 1.5, corrsponding
to I = 3Isat , then from the above expression we obtain the estimate
−1
YUCL ∝ Γ21
= τ13/2 , where τ13/2 is the lifetime of level 2, denoted also
by the term 4 I13/2 . If, in addition, there are variations in Γ31 caused
solely by introduction of nonradiative decay channels (such that A31 is
−1 −1
constant), one would then find in total that YUCL ∝ Γ31
Γ21 = τ11/2 τ13/2 .
In other words, the observed upconversion-luminescence yield should
scale proportionally to the product of lifetimes for the 4 I11/2 and 4 I13/2
terms. This has indeed been observed experimentally [2, 6].
The above scaling laws are also very useful for simulations of upconversion-luminescence yield in varying dielectric environments since the
rate equations become decoupled from the problem of calculating the
local electric field by using the Maxwell equations [40].

4.F

Conclusion

We have presented a rate-equation model, with an analytical solution,
which agrees well with UCL measurements over several orders of excitation intensities. The model reproduces known features of upconversion,
that is, the asymptotic behavior at low and high excitation intensities
together with the transition between the two regimes due to saturation.
The model provides a new way to characterize upconversion materials based on Er3+ through the fitted saturation intensity Equation (4.6),
which provides insight into important upconversion parameters, such as
the rates of ETU and CR; parameters often difficult to measure due to the
low absorption cross section of Er3+ . Explicitly, we have used the fitted
saturation intensities and the measured lifetime, of the 4 I13/2 , to argue,
that the differences in UCL yield observed, are mainly due to changes in
the nonradiative relaxation.
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Figure 4.4: The measured UCL yield (colored point) and the model fit (solid
black line). Open face symbols indicate that these data points have not been
included in the fit. The NaYF4 data are plotted in panel a) and the TiO2 in panel
b). See the legend for color coding of the individual samples.
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Figure 4.5: Measured decay curves of the 4 I13/2 state of Er3+ for all four investigated samples (colored points) and corresponding fit (solid black line). See the
legend for color coding of the individual samples.
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Figure 4.6: The fitted saturation intensity plotted against the measured decay
rate of the 4 I13/2 state of Er3+ . A dotted line with slope 2 has been placed to
guide the eye. See the legend for color coding of the individual samples.
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Figure 4.7: Theoretical upper bound on the internal upconversion quantum
yield (IUCQY) versus excitation intensity for the four investigated samples. The
31
IUCQY is computed from Equation (4.16) under the assumption that A
Γ31 = 1.
The dotted region in the curves for the NaYF4 samples represents excluded
region in the fits, see Figure 4.4. The vertical line indicates the maximum
available solar intensity for a perfect downshifter and upconverter complex
utilizing erbium at the upconversion medium.

Chapter

5

Optimization of the TiO2 host
This publication represents our efforts in optimizing the radio-frequency magnetron sputtering process of the TiO2 :Er upconverters. Our motives were to find
optimal deposition parameters and to understand the effect of post-annealing the
upconverters. This latter motive had become relevant for us because of a specific
photonic-enhanced-upconverter design, which we were trying to fabricate at the
time.
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Context

Upconversion efficiency is heavily dependent on the host material, which
could appear to be a mere vessel for the erbium ions. However, on the
contrary, erbium ions need to be embedded in some host material to
allow the upconversion transitions, which are otherwise electric-dipoleforbidden. Moreover, the symmetry of the crystal/ligand field and the
density of defects profoundly affects the transition strengths and emission
efficiency in the erbium ion.
In our group, we have mainly focus on magnetron-sputtered TiO2
as the host material for erbium ion since we have experience with this
material from before our research interest in upconversion started. Using
TiO2 introduces some challenges, though, because the desired valence
state of erbium is different from that of titanium in TiO2 hence some
charge compensation needs to take place when introducing erbium ions
the TiO2 matrix. In an earlier study, former colleagues [97] had found the
optimal concentration, and the difference in upconversion luminescence
(UCL) yield in the investigated samples was explained based on the
crystallinity of the TiO2 host [97]. However, even in amorphous samples,
we observed a strong dependence of the UCL yield on the deposition
temperature, which justified this investigation.
To study this, we fabricated thin films of TiO2 :Er with a thickness of
around 50 nm and erbium concentration of 5.1 at. % at varying deposition
temperatures and post-annealed also at different temperatures with and
without preexposure to ambient air before the annealing. In this way,
we could investigate how the temperature and exposure to the ambient
atmosphere affect the UCL yield of the upconverter. We knew due to
the difference in the different valence states of erbium and titanium
that incorporating erbium into the TiO2 matrix would likely introduce
a significant amount of defects; evidence of which we had seen in timeresolved luminescence measurements where the relaxation rate of our
upconverters was significantly higher than those reported in other hosts.
Moreover, we were at the time considering to make embedded goldplasmonic structures in the upconverting films, and further, to construct
layered structures of TiO2 :Er with embedded plasmonic particles. Our
fabrication method required though post-annealing of the upconverting
samples, which we had observed to substantial quenching of the UCL
yield in a proof of principle experiment. We thought the quenching might
be related to the post-annealing treatment. This investigation was, there-
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fore, also aimed at understanding the quenching mechanism at play and
potentially to develop a method of constructing the photonic-enhanced
upconverter in question. Finally, the many different upconverting samples
we had to make for this study provided us with an excellent opportunity
to investigate how the UCL yield depended on the dynamics of the luminescence processes. Explicitly, we were able to test a hypothesis, from
the rate-equation model described in Chapter 4, on how the UCL yield
depends on the lifetimes of the excited states.
My contribution to this publication was to: conduct all time-resolved
luminescence measurement; analyze, correlate, and plot all data; and contribute to writing the manuscript. The following sections are reproduced
from the article: J. Christiansen, J. Vester-Petersen, S. Roesgaard, S. H.
Møller, R. E. Christiansen, O. Sigmund, S. P. Madsen, P. Balling, , and
B. Julsgaard, “Strongly enhanced upconversion in trivalent erbium ions
by tailored gold nanostructures: toward high-efficient silicon-based photovoltaics,” submitted to: Solar energy Materials and Solar Cells, oct 2019 with
permission from AIP publishing, with only minor formatting changes to
fit the format of this thesis as well as some typographical corrections.
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Abstract:
The optical properties of radio-frequency magnetron sputtered TiO2 thin films
doped with Er3+ are strongly influenced by the deposition and post-annealing
temperatures. This has an impact on applications of the material for upconversion; i .e. the merging of two low-energy photons to one photon of higher
energy. Maximum upconversion luminescence (UCL) yield is obtained using
a deposition temperature of 350 ◦C without post-annealing. Motivated by the
possibilities that become available by sequential depositions (several layers), the
effect of post-annealing is systematically investigated. In general, post-annealing
treatments reduce the UCL; however, for the lowest deposition temperatures,
post-annealing has a positive impact on the UCL provided that the samples are
not exposed to ambient air prior to the annealing step. These observations are
further analyzed using time-resolved photoluminescence spectroscopy for determining the characteristic decay times of the Er3+ energy levels in the different
samples. It is found that the UCL yield scales to a good approximation linearly
with the product of the decay times of the two lowest-lying Er3+ excited energy
levels (4 I11/2 and 4 I13/2 ). The combined data provide strong evidence that the
reduction in UCL is due to the opening of nonradiative decay channels from
the Er3+ excited levels. Structural measurements show no change of the amorphous samples upon annealing, so these decay channels are most likely related
to energy transfer between Er3+ and defect states in the TiO2 band gap. The
nonradiative decay could possibly be related to the loss of hydrogen termination
of dangling bonds or related to the oxygen vacancies in TiO2 .

5.A Introduction
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Introduction

As a simple, fast, and inexpensive method for synthesizing thin films on
a large scale, radio-frequency-magnetron sputtering (RF-MS) presents a
widely accepted tool for manufacturing solar cells and other photonic
devices [98–101]. Despite comparatively high deposition rates [102], the
synthesized films can be highly uniform and continuous, even below
10 nm in thickness, with ultra-low surface roughness [97, 103]. Fabrication of TiO2 thin films via RF-MS is well-studied [103]. The wide band
gap [104, 105], low phonon energy [106], and chemical stability[107] of
TiO2 make it suitable for a process called upconversion, i.e. the conversion of two or more low-energy photons into one of higher energy
[108]. Specifically, erbium ions are useful for conversion of 1500 nm nearinfrared (NIR) light to 980 nm NIR and to visible light when incorporated
into an appropriate host[22]. The conversion in Er3+ ions involves an
excitation of electrons from the 4 I15/2 level to the 4 I9/2 level by absorption
of two photons and an emission of one photon on the 4 I11/2 → 4 I15/2
transition[109]. Based on the above-mentioned properties, Er3+ -doped
TiO2 films have applications in photovoltaic industries, and have recently
been investigated for upconversion [97, 110]. The use of upconversion
for photo-current enhancement in photovoltaic devices has been reported
previously [70, 76, 92, 111]. The highest upconversion yield was previously achieved with films deposited at elevated substrate temperatures
(>250 ◦C) with a particular dopant concentration (∼ 5 at.%) [97]. However,
the small absorption cross section of Er ions and the nonlinear nature
of the upconversion process limit the upconversion efficiency, which is
hence small under normal intensities from solar radiation. In previous
work [4], we have investigated plasmonic gold structures, in close vicinity
of Er3+ emitters, as a possible method for enhancing the upconversion
yield in Er3+ -doped TiO2 films. For practical applications, however, a
further improvement in upconversion is required, for instance, by using
multi-layers of plasmonically-enhanced upconverting layers. One route
could be placing gold nanostructures within sputtered Er3+ -doped TiO2
films, which could involve several fabrication steps at elevated temperatures. It is thus important to know the effect of temperature treatments
on the upconversion properties of the deposited layers, which is the main
focus of the present work. The acquired insight of the present experiment may be applicable for the upconversion improvement in some other
oxides and nitrides, i.e. Al2 O3 , SiO2 , and SiNx [112].
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Johannsen et al.[97, 110] have shown that the upconversion luminescence (UCL) of sputtered Er3+ -doped TiO2 films is strongly linked to the
substrate temperature during deposition and explained the UCL variation with the crystallinity of the films. However, such variations are seen
even with amorphous films, which call for further investigation of the
issue. Despite the importance of UCL optimization, annealing of such
deposited films in different atmospheres is poorly studied. Therefore an
in-depth investigation of UCL dependency on deposition and on annealing temperatures of the sputtered films will open a path for improved
upconversion.
In this work, we study the influence of deposition and annealing
temperatures (heating) on the optical properties of Er3+ doped TiO2
thin films synthesized by RF-MS. The report involves the fabrication
of multiple sets of films at different deposition temperatures within
the limits of the RF-MS equipment. Recent studies have shown the
importance of the ambient gas in post-deposition treatments[113], and
therefore a set of films is subjected to annealing in an argon/oxygen
environment, with and without prior air exposure. The steady-state UCL
from the transition 4 I11/2 → 4 I15/2 and time-resolved photoluminescence
(PL) from the transitions 4 I13/2 → 4 I15/2 and 4 I11/2 → 4 I15/2 of all films
are measured and analyzed. The impact of the temperature treatments
on the atomic dynamics and in turn on the obtained UCL is determined.

5.B

Experimental Approach

Er3+ -doped TiO2 thin films were fabricated on quartz and Si with a native
SiO2 layer by a RF-MS system from AJA Orion ATC. The targets were
commercially produced (Able Targets) by mixing powders of TiO2 and
Er2 O3 to achieve 5.1 at. % concentration of Er3+ ions, corresponding
to a density of ρ = 4.8 × 1021 atoms/cm3 and a characteristic spacing
of ρ−1/3 = 6 Å , which is comparable to typical upconverters such as
NaYF4 :Er3+ (20%). The 5.1 at. % Er concentration has previously been
determined as the optimum concentration for the TiO2 host [114]. The
fabrication chamber was held under 3 mTorr gaseous pressure of argon
with 2 % oxygen. The sputtering power was set to 100 W for a deposition
rate of around 0.1 Å s−1 . Several sets of samples with 50 nm thickness
were prepared at substrate temperatures ranging from 25 ◦C to 350 ◦C.
After retaining one set of samples untreated, the remaining sets were
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exposed to 150 ◦C, 250 ◦C, or 350 ◦C annealing temperatures for a duration
of 90 minutes (same as the deposition time). One set of films was
annealed in an argon/oxygen ambient within the fabrication chamber
without being exposed to air, and another set was exposed to air (for
one day or more) before being annealed in Ar/O2 at 3 mTorr within
the fabrication chamber. The thickness of the films was measured to
be 50(3) nm by ellipsometry using a Sentech SE850 PV Spectroscopic
Ellipsometer. The surface roughness of the films, which was in the
range of 2–5nm, was determined using a Bruker Edge atomic force
microscope. X-ray diffraction (XRD) confirmed an amorphous nature of
all as-deposited and annealed films using Cu Kα radiation in a Rigaku
instrument. Rutherford backscattering spectrometry was performed on
several films to measure the concentration of Er3+ ions, which was 4.7(3)
at. %. Time of flight- secondary ion mass spectrometry (TOF-SIMS) was
used to verify the elemental and molecular compositions in a multilayered
Er3+ -doped TiO2 layer, detailed in Section 5.D of the article.

For the optical investigations, the steady-state UCL spectra of the
films were recorded under continuous-wave (CW) laser illumination at
a wavelength of 1500 nm using a power of 18.9 mW, a beam area of
0.20(2) mm2 , and a resultant intensity of 9.5 W cm−2 . This intensity corresponds to the partly saturated regime of upconversion, where the UCL
scales approximately as I 1.5 (as previously reported [4]). The samples
were placed inside an integrating sphere to ensure an identical collection
efficiency for all samples. The emitted light was captured by a Princeton
Instruments spectrograph, consisting of an Acton SP2358 monochromator
and a PIXIS:100BR CCD camera. The time-resolved PL measurements
were performed using a 35 fs pulsed Ti:sapphire laser with a peak wavelength of 800 nm to populate the 4 I9/2 level of the Er3+ ions. These
measurements were performed outside the integrating sphere using two
identical Princeton Instruments monochromators with different detectors;
one monochromator was equipped with a Hamamatsu R5509-73 photomultiplier tube (PMT) for 1500 nm luminescence detection whereas the
other was equipped with a Perkin Elmer avalanche photodiode (APD)
single-photon counting module for 980 nm luminescence detection.

58

Chapter 5. Optimization of the TiO2 host

2.5

10 3
4
I9/2
Relaxation
4
I11/2

ETU/
ESA

2.0

4

Laser
pump

I13/2

UCL

1.5
4

I15/2

1.0

0.5

0.0
920

940

960

980 1000 1020 1040

Figure 5.1: Upconversion luminescence of the unannealed films for different
deposition temperatures (Dxxx◦C). The inset is a schematic representation of
the excitation and luminescence transitions between the 4f-energy levels of Er3+ .

5.C

Results

Steady-state UCL versus deposition and post-annealing
temperatures
The inset of Figure 5.1 shows schematically the mechanisms behind the
UCL measurements. These involve the population of the first excited state
(4 I13/2 ) via ground state absorption of laser light of 1500 nm wavelength.
A further transition to the higher excited state (4 I9/2 ) involves either
energy-transfer upconversion (ETU), excited-state absorption (ESA), or
a combination of both. The de-excitations involve a fast nonradiative
relaxation to 4 I11/2 followed by the emission of the UCL, with examples
of spectra shown in the main part of Figure 5.1. The shown spectra
correspond to films deposited at different substrate temperatures without
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further annealing treatments. For deposition temperatures ≤ 150 ◦C,
the UCL is undetectable, whereas a slight amount of UCL is observed
for deposition at 200 ◦C. A further increase in temperature shows a
drastic change in the observed signal and gives a maximum upconversion
at a deposition temperature of 350 ◦C. Further increase in deposition
temperature is not considered in this article; however, a complete absence
of UCL was observed previously using a deposition temperature of
420 ◦C for a similar sample with 100 nm thickness at otherwise identical
deposition conditions.
For each sample, the UCL yield is defined as the area under the UCL
peak, exemplified in Figure 5.1, and this yield is shown in Figure 5.2 for
all samples, with and without post-annealing treatment. It is evident
from Figure 5.2 that all films deposited at higher substrate temperatures
exhibit a drop in UCL yield upon annealing, the drop becoming more
pronounced with higher annealing temperatures. However, the drop
also depends on whether the sample was exposed to ambient air before
annealing. The 350 ◦C annealing temperature essentially eliminates the
UCL of air-exposed films, while unexposed films deposited at 350 ◦C
stay optically active, giving roughly 25 % of the UCL of the unannealed
sample. However, all air-exposed films deposited at lower substrate
temperatures (150 ◦C and 200 ◦C) do not show any significant change
in the UCL signals of the films upon annealing. A set of unexposed
samples deposited at 150 ◦C temperature, shows an increased UCL trend
with the higher annealing temperatures compared to its air-exposed
counterpart. This implies that air-exposed films become relatively poor
UCL performers at any annealing temperature.

Time-resolved PL versus deposition and post-annealing
temperatures
The decay curves of all as-deposited films are shown in Figure 5.3. The
figure shows the luminescence from the two different energy levels 4 I11/2
and 4 I13/2 to the ground state 4 I15/2 in two separate panels, after excitation
by an 800 nm laser pulse. The insets display the associated excitation and
relaxation processes. The decay curves from the 4 I11/2 level, presented
in Figure 5.3(a), are well fitted with single-exponential decays following
the formula f (t) = A11/2 exp(−t/τ11/2 ), i.e. τ11/2 is the decay time of
the measured luminescence curve from the 4 I11/2 level. In Figure 5.3(b)
the decay curves from the 4 I13/2 level are presented. Here the decay
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Figure 5.2: Variation in upconversion luminescence yield with annealing temperature for films deposited at different deposition temperatures (Dxxx◦C). The
diamonds represent the unannealed samples, whereas circles, triangles, and
squares correspond to the samples annealed at temperatures 150 ◦C, 250 ◦C, and
350 ◦C, respectively. The solid and open symbols correspond to samples being
exposed and unexposed to ambient air, respectively, before annealing.

curves are more complex: The low-deposition-temperature samples show
bi-exponential decays and are fitted to the model g(t) = A1 exp(−t/τ1 ) +
A2 exp(−t/τ2 ) whereas the high-deposition-temperature samples show
single-exponential decays with an initial exponential rise factor. The latter
are fitted to the model h(t) = (1 − arise exp(−t/τrise )) A exp(−t/τ13/2 ),
where τ13/2 is the characteristic decay time of the luminescence from the
4I
13/2 level. The rise factor can be explained by the ions relaxing first from
the 4 I9/2 to the 4 I13/2 level before any light can be detected, meaning that
a delay must occur before significant luminescence is observed. For the biexponential decay curves, the existence of the two components could have
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its origin in the existence of two classes of ions being affected differently
by the varying deposition temperature. Hence, the characteristic decay
time is chosen as the weighted average, τ13/2 = ( A1 τ1 + A2 τ2 )/( A1 + A2 ).
In any case, for both panels in Figure 5.3 and no matter the underlying
fitting model and interpretation, there is a clear common trend: When the
deposition temperature is decreased from its optimum value of 350 ◦C,
both the characteristic decay times and the areas under the decay curves
decrease. This is a clear indication that more nonradiative decay channels
are opened up for the lower deposition temperatures. If, on the contrary,
the faster decay had been caused by increased radiative decay rates, the
observed luminescence would expectedly be more intense, i.e. present
larger amplitudes of the decay curves and typically preserve the areas
under the curves.
The above analysis is also carried out for the post-annealed films,
and the characteristic decay times have been plotted in Figure 5.4. In
general, the trend is similar to the observations for the steady-state
UCL yield in Figure 5.2: A higher post-annealing temperature will in
general decrease the decay times, but if unexposed to air, the postannealing may re-establish a longer decay time. It is interesting that the
characteristic time τ13/2 corresponding to the lowest transition 4 I13/2 →
4I
15/2 is essentially cured to the best unannealed value (red solid diamond
in Figure 5.4(b)) of 150 µs for high-temperature annealing of the two
unexposed samples (open red and blue squares in Figure 5.4(b)). In
comparison, the characteristic decay time τ11/2 for the 4 I11/2 → 4 I15/2 is
much further from being re-established at the largest observed value.

Correlation between steady-state UCL and time-resolved PL
measurements
In order to ease comparison between samples across the figures in this
manuscript, a common color code is based on the deposition temperatures
(see legend of Figure 5.1). In addition, a set of symbols is introduced to
distinguish between as-deposited samples, and samples post annealed at
different temperatures (see the caption Figure 5.2). Solid lines connecting
filled symbols represent samples that were exposed to air before the
annealing, while dashed lines connecting open symbols are chosen for
samples that were kept unexposed to ambient air between treatments.
While speculations regarding the physical mechanisms behind the
variations in the characteristic decay times, τ11/2 and τ13/2 , will be de-
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ferred to Section 5.D, it is still interesting to investigate the relation
between these decay times and the observed steady-state UCL. First, if
nonradiative decay channels are opened from the 4 I11/2 level and hence
decreasing the value of τ11/2 , the probability of observing UCL on the
4I
4
11/2 → I15/2 transition will consequently decrease. It is thus plausible
that the UCL yield is an increasing function of τ11/2 . Likewise, if nonradiative decay channels are opened from the 4 I13/2 level and shortening
τ13/2 , the time that a given Er3+ ion spends in this level will decrease,
resulting in a smaller probability of absorbing another photon via the ESA
process or interacting with another closely-spaced Er3+ ion via the ETU
process. Hence, the UCL yield would expectedly also be an increasing
function of τ13/2 . For these reasons, the UCL yield is plotted as a function
of the product τ11/2 × τ13/2 in Figure 5.5, and it is indeed established as
an experimental fact that the data exhibit to a good approximation a proportionality between the UCL yield and this product of decay times. This
is illustrated by the black dashed line of the plot, which represents the
best proportional fit. In fact, this relationship can be argued on the basis
of a simple rate-equation model, the details of which will be discussed
elsewhere [1]

The proportionality of Figure 5.5 presents a very convenient link
between, on the one hand, the UCL yield with its application within
e.g. photovoltaics and, on the other hand, the time-resolved PL experiments which present a possibility for a more detailed understanding of
the limiting factors behind the UCL process. It should be emphasized
that comparing the UCL yield across different samples requires the use
of the integrating sphere, since the exact emission pattern of the UCL and
hence the light collection efficiency may in practice vary from sample to
sample. In contrast, the time-resolved PL measurements are insensitive to
such variations, since they would only affect the amplitudes of the decay
curves and not the measured time scales. With the above-mentioned
proportionality, it is thus possible to make quantitative comparisons
between samples without the need for an integrating sphere, which in
turn increases the sensitivity significantly and allows for also examining
poorly performing samples.

5.D Discussions
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Discussions

The experimental facts concerning the possible physical mechanisms
behind the UCL performance of the samples can be summarized in the
following observations: (i) Despite large variations in UCL yield and
luminescence decay times; all investigated samples showed an amorphous structure when investigated by XRD. Hence, the relevant structural
variations between samples occur most likely at the atomic scale, e.g. in
the form of point defects in the TiO2 host material. (ii) The decreasing
UCL yield is accompanied by the opening of nonradiative decay channels, and in turn, a decrease in the luminescence decay times τ11/2 and
τ13/2 . However, these variations may occur differently for the corresponding levels 4 I11/2 and 4 I13/2 as observed most clearly for the unexposed
samples in Figure 5.4. (iii) The best performing sample was deposited
at 350 ◦C during 90 minutes in an argon/oxygen atmosphere. Still, a
post-annealing in exactly the same atmosphere and for the same duration
caused a significant decrease in UCL yield (by ∼ 75 %) for the unexposed
sample. This raises the question of why the best performing samples
actually worked in the first place. The answer must lie in the difference
between the two cases, being only that the plasma of the RF-MS process was on during deposition and off during post-annealing. (iv) The
UCL yield increases with increasing deposition temperature up to 350 ◦C
for the as-deposited samples. (v) While the annealing process can be
advantageous for the UCL yield in some cases (for unexposed samples
deposited at a low temperature), it is mostly decreasing the UCL yield
and always so for the air-exposed samples.
Let us discuss which physical mechanisms could cause the above
observations. Point defects, as a possible explanation for the variation in
UCL yields and decay times, were previously studied in several sputtered
oxide films, e.g. TiO2 and SnO2 [115–118]. The oxygen vacancies, being a
relevant candidate in our samples, were studied in atomic-layer-deposited
amorphous-TiO2 (amorphous-TiO2 ) films [119, 120]. In a detailed study,
Pham et al.[120] observed the O-vacancy defect states at about 1.0–1.5 eV
above the top of the valence band in amorphous-TiO2 films deposited
at 300 ◦C. We speculate that such oxygen vacancies are present in our
Er3+ -doped TiO2 thin films and that they open some energy-transfer
channels for the excited states of Er3+ ions. The energy difference between
the O-vacancy defect states and the valence band in TiO2 is in good
agreement with the transition energy (∼ 1.27 eV) of the 4 I11/2 → 4 I15/2
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transition of Er3+ , and hence nonradiative decay of the 4 I11/2 state in
Er3+ could be associated with excitation of valence-band electrons to
the O-vacancy defect states in TiO2 . The transition energy (∼ 0.82 eV)
of the 4 I13/2 → 4 I15/2 transition is somewhat smaller than the abovementioned energy range for the O-vacancy states. We cannot rule out
that these O-vacancy defects could have a low-energy tail; however, the
different behavior of the two decay times, τ11/2 and τ13/2 , as mentioned
in observation (ii), suggests that nonradiative decay of the 4 I13/2 states
could be associated with a different class of defects (with lower energy).
Such defects would then have to be susceptible to curing by annealing, at
least for the unexposed samples, in consistence with the dashed lines in
Figure 5.4(b).
The explanation regarding observation (iii) could lie in the creation
of an H plasma during the fabrication process, whereas no plasma was
present during post-annealing. It should be noted that our sputtering process had no intentional hydrogen source, so the H content of the plasma
would be due to residual hydrogen in the chamber. All as-deposited and
post-annealed films were structurally characterized by various techniques,
as mentioned in the experimental section. All films were structurally
similar except the variation of hydrogen (H) present in the films, which
was a residual from the RF-MS chamber. In order to verify the presence
of H, a multilayered Er3+ -TiO2 film was fabricated and consisted of a
layered deposition of 50 nm layers at different substrate temperatures
(top to bottom: 25 ◦C, 150 ◦C, 350 ◦C and 500 ◦C) with 15 nm SiO2 spacers
between each layer. The TOF-SIMS was performed on the sample before
and after post-annealing. The TOF-SIMS possesses the spectra of the
negatively sputtered-out H of the sample, presented in Figure 5.6. The
figure verifies the presence of H in each layer of the sample and the
variation in its adsorption with the change in the substrate temperatures.
The SiO2 layers are the region of sudden fluctuations in the H intensity
in the figure. The post-annealing of the sample at 350 ◦C temperature
does not affect the intensities of all the ions except H, the black curve
of Figure 5.6. The variation in H with the deposition and annealing
temperatures are discussed later in the article. Shifting from structural
to optical characterizations, steady-state and time-resolved luminescence
measurements are performed. Previous studies have reported on the role
of hydrogen passivation of oxygen vacancies in crystalline TiO2 [121] as
well as of dangling bonds in amorphous-TiO2 films [115, 122] through
formation of O–H bonds[122]. We thus suggest that such defects in our
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sputtered Er3+ -doped TiO2 films are passivated by hydrogen during the
fabrication process. The post-annealing in the same atmosphere as during deposition (except for the absence of the plasma) then remove the
H atoms or hydroxyl groups from the host (comparing red and black
curves in Figure 5.6), causing the 75 % lowering of the UCL yield. The
possible creation of oxygen vacancies and the dissociation of hydroxyl
bonds due to annealing of crystalline-TiO2 films (at T ≥400 ◦C) in an
oxygen-depleted atmosphere (i.e., argon or vacuum) are well-reported
[122, 123].
The above considerations are also consistent with observation (iv):
At elevated deposition temperatures, the density of defect states is most
likely smaller due to the higher surface diffusion of atoms, providing a
larger probability for reaching energy minima during growth. The impact
of annealing on the UCL yield also depends strongly on whether the
as-deposited films have been exposed to ambient air before the annealing
step or not, as stated in observation (v). The exposure to ambient air
allows the interaction of the surface of the sputtered Er3+ -doped TiO2
films with oxygen, water vapor, nitrogen, CO2 , etc. at atmospheric
pressure and room temperature. Such interactions have previously been
studied in physical-vapor-deposited crystalline -TiO2 films and reported
to involve these molecules, collectively, in the temporary passivation of
defects[122, 124, 125]. We propose that gas molecules attach to the surface
by dissociative or molecular chemisorption. Presumably, the presence
of loosely bound and dissociated ambient-air molecules promotes the
removal of hydrogen from defects during the post-annealing and hence
more efficient dehydrogenation and resulting in activation of defects in
these samples. The unexposed films, however, do not contain such loosely
bound molecules and activation of H-passivated defects by dissociation
of O-H bonds during annealing might require a higher temperature.
Therefore the observed drop in UCL yield after annealing is significantly
lower than for the air-exposed counter-part.
One strategy to heal the defects could be to anneal the as-deposited
(substrate temperature–350 ◦C) films under an H plasma. We performed
an additional experiment where as-deposited films were annealed in
two different atmospheres. The first sample was annealed in argon
with 2 % oxygen atmosphere at 350 ◦C in the RF-MS chamber after being
exposed to ambient environment whereas the second was placed in
a hydrogen-nitrogen environment at the same temperature in a tube
furnace. The former sample showed a 100 % drop in the UCL after being
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excited with 1500 nm wavelength photons and became optically inactive
(as presented in Figure 5.2), while the latter sample retained 10 % UCL
yield as compared to the as-deposited film. This indicates the role of
molecular hydrogen in hydroxylation of the oxygen vacancies present in
Er3+ -doped TiO2 films, and consequently, higher UCL yield. We expect
better retainment of the UCL in annealing under H plasma due to its
comparably higher reactive nature [123].
The observed decay times τ13/2 up to 150 µs, see Figure 5.4(b), are
significantly shorter than the values found in the literature for Er3+ -doped
NaYF4 , which are typically of the range of 1–10 ms [6, 62, 126]. As discussed above, the shorter decay time for the TiO2 host is attributed to
nonradiative decay channels due to the coupling to defect states, and
hence further optimization is required before TiO2 becomes technologically relevant. However, the fabrication by magnetron sputtering allows
for a very controllable film formation, which is much desirable for, e.g.,
the coupling of Er3+ luminescence to metallic nanostructures [4].

5.E

Conclusion

A study of the influence of deposition- and annealing temperatures
on the UCL yield and the associated decay times of the two lowest
excited states (i.e., τ11/2 and τ13/2 ) of Er3+ ions in sputtered Er3+ -doped
TiO2 films was performed. An elevated deposition temperature was a
prerequisite for the luminescence of the films. The highest UCL yield
and the associated long decay times of the Er3+ levels were obtained at a
deposition temperature of 350 ◦C. The post-annealing of the as-deposited
films in general reduced the UCL. It was observed that exposure of asdeposited films to ambient air prior to post-annealing was detrimental
for the UCL of the films. However, the effect of post-annealing on the
films deposited at lower substrate temperatures and unexposed to air
before the annealing step was found to be beneficial. The decay curves,
observed in time-resolved PL measurements, showed that the decrease in
the UCL yield was caused by the opening of nonradiative decay channels
from the Er3+ excited states. The linear scaling between the UCL yield
and the product of τ11/2 and τ13/2 for all samples provided a convenient
link between decay dynamics and the obtained UCL yield. In light of the
structural similarities (i.e., atomic structure) among the samples, the UCL
variation with the temperature was attributed to the activation and/or
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passivation of defects, originated during the sputtering.
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Figure 5.3: Decay curves of all unannealed samples deposited at different
deposition temperatures (Dxxx◦C). Panels (a) and (b) show the decay curves
from the 4 I11/2 → 4 I15/2 and 4 I13/2 → 4 I15/2 transitions, respectively. The insets
of each panel give a schematic representation of the involved excitation and
relaxation processes. The black curves in both panels represent the fitting models
described in the text.

69

5.E Conclusion

60

40

20

0
0

100

200

300

400

0

100

200

300

400

150

100

50

0
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annealing temperature and air exposure. The diamonds represent the unannealed samples whereas circles, triangles, and squares correspond to the samples
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Figure 5.5: The UCL yield as a function of the product of characteristic decay
times τ11/2 and τ13/2 , shown on a double-logarithmic scale. The color code
and the symbols are identical to previous figures. The dashed line represents a
proportional fit.
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Figure 5.6: TOF-SIMS depth profile of the H component of a multilayered Er3+ TiO2 and SiO2 sputtered film deposited on Si at temperatures indicated on the
figure. The variation in hydrogen content with the depth in the sample is shown
before (black) and after (red) annealing.
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Photonic-enhanced upconversion
This publication presents the coming together of the various sub-projects of the
entire SunTune project. A topologically optimized structure was designed and
produced using electron-beam lithography with optimized resolution using a
developed proximity-effect-correction scheme, and extensions to the proposed
upconversion model were introduced incorporating photonic enhancement. All
these efforts lead us to an unprecedented upconversion enhancement as well as
extensions to the upconversion model.
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Context

From the model discussed in Chapter 4, it is evident that some kind of
enhancement is necessary for real-world applications of upconversion
for photovoltaics applications. Implementation of photonic enhancement
was also the initial idea in the SunTune project with a focus on the nearfield increase from plasmonic-gold nanostructures. To emphasize and
separate the plasmonic structures from other photonic effects, we started
looking into random structures and thin upconverters (below 100 nm).
We managed to measure some enhancement of the upconversion luminescence (UCL) yield, although we also observed poor performance and
even quenching of the UCL yield for some structures, where simulations
predicted considerable electric-field enhancement. The reason turned
out to be that the gold nanoparticles effectively become heat sinks and
thereby quench the luminescence close-by erbium ions.
Instead, we turned our focus towards periodic structures with efficient
waveguide coupling to allow significant field enhancement "far" away
from the gold. This publication represents our efforts in this direction.
The topology optimization developed by colleagues [127] had started to
yield designs while a developed proximity-effect-correction (PEC) scheme
[128] allowed adequate resolution of the electron-beam lithography (EBL)
to fabricate the designs. Moreover, we wished to extend the rate-equation
model to include photonic-enhanced upconverters. Notably, the question
of how to asses the applicability of photonic-enhanced upconverters for
photovoltaic enhancement was a primary driver for the process.
My contribution to this publication was to: conduct most of the
measurements, create almost all figures, and write most of the manuscript.
The following sections present the final article submitted to "Solar Energy
Materials & Solar Cells" in October 2019 with only minor formatting
changes to fit the format of this thesis as well as some typographical
corrections.
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Abstract:
Upconversion of sub-band-gap photons constitutes a promising way for improving the efficiency of silicon-based solar cells beyond the Shockley-Queisser limit.
1500 nm to 980 nm upconversion by trivalent erbium ions is well-suited for this
purpose, but the small absorption cross section hinders real-world applications.
We employ tailored gold nanostructures to vastly improve the upconversion
efficiency in erbium-doped TiO2 thin films. The nanostructures are found using
topology optimization and parameter optimization and fabricated by electron
beam lithography. In qualitative agreement with a theoretical model, the samples show substantial electric-field enhancements inside the upconverting films
for excitation at 1500 nm for both s- and p-polarization under a wide range of
incidence angles and excitation intensities. An unprecedented upconversion
enhancement of 913(51) is observed at an excitation intensity of 1.7 W cm−2 . We
derive a semi-empirical expression for the photonically enhanced upconversion
efficiency, valid for all excitation intensities. This allows us to determine the upconversion properties needed to achieve significant improvements in real-world
solar-cell devices through photonic-enhanced upconversion.

6.A

Introduction

Photon upconversion [23, 24, 26, 85], the photoluminescence process in
which the emission wavelength is shorter than the excitation wavelength,
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has exciting applications in many fields such as bio-imaging [129, 130],
anti-counterfeiting [131, 132], and not least in improving the efficiency
of solar cells [5, 70, 76]. Different mechanisms are known to be able to
upconvert light, but among the most promising is upconversion from
trivalent lanthanide ions embedded in a glass or crystalline host material.
The multitude of 4f-4f electronic transitions in the lanthanide series allows
for a wide range of upconversion wavelengths, and the real intermediate
states provide the opportunity to upconvert incoherent and less intense
light. However, the active 4f-4f transitions in lanthanide ions are dipole
forbidden, causing low absorption and thus low external quantum efficiency [22], which remains an obstacle, especially for applications in solar
cells – the main focus of this investigation.
Several pathways for enhancing the upconversion process have been
proposed during the past decade, some of which focus on increasing
the absorption by co-doping with a sensitizer [133] while others utilize
photonic enhancement through wave-guiding effects and Bragg stacks
[63, 134] or through surface-plasmon resonances [78, 79]. Common for
all photonic enhancements of lanthanide-based upconversion is that they
affect the upconversion process in two ways: First, they can influence
the relaxation rates both positively, through enhanced coupling to the
radiation field, and negatively, through quenching via ohmic heating in
the surrounding material [78, 79]. Second, they can cause an increase
in the electric field at the location of the lanthanide ions and hence also
increase the absorption, which in turn will improve the upconversion
efficiency [78, 79].
This work considers an upconverting material consisting of erbium
ions (Er3+ ) doped into a TiO2 thin film (TiO2 :Er). The Er3+ ions are able
to absorb light at wavelengths in the vicinity of 1500 nm [76] and in turn
emit upconverted electromagnetic radiation at 980 nm due to the process
sketched in Fig. 6.1a. Carefully designed periodic gold nanostructures are
placed on the surface of the TiO2 :Er film, as sketched in Figure 6.1(b), in
order to couple incident 1500 nm electromagnetic radiation into the film
and thereby concentrate it. These nanostructures lead to an increased
emission of upconverted radiation, which is directly measurable, as
exemplified in Figure 6.1(c). Since the wavelength of the upconverted
light falls within the absorption range of crystalline silicon solar cells,
the upconversion process has the potential to improve the efficiency of
such solar cells, and the ability to enhance the upconversion process
constitutes an important step toward this goal.
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Figure 6.1: In a), the excitation process is sketched in two erbium ions. Initial
ground-state absorption excites two erbium ions to the intermediate state 4 I13/2
indicated with green vertical arrows. In 4 I13/2 , the two ions can interact with
each other via an energy-transfer-upconversion process illustrated with red
curved arrows, which leaves one ion in the ground state and the other in the
doubly-excited state: 4 I9/2 . From here, a two-step relaxation process indicated
with curly blue arrows is most likely to occur. First, the ion will predominantly
relax to the 4 I11/2 by a nonradiative relaxation due to the small energy difference
between the 4 I9/2 and 4 I11/2 levels. Second, the ion will relax to the ground state
either nonradiative (loss channel) or radiative by emitting a photon of higher
energy than was initially absorbed. In b), the model setup is shown. The gold
nanostructure (indicated in black) is placed in a 50 nm-high design domain on
top of a 320 nm-thick film of erbium-doped TiO2 (green) on top of a 0.5 mm
SiO2 substrate (gray). In c), the upconversion-luminescence is exemplified by
two spectra showing the measured upconversion luminescence with (red) and
without (blue) the gold nanostructure present on the film surface.

There are two main results of this work: First, it is demonstrated
that a well-chosen film geometry, which supports wave-guided modes
of 1500 nm electromagnetic radiation, in combination with light concentration, facilitated by the well-chosen gold nanostructures, leads to an
unprecedented enhancement of the upconversion-luminescence (UCL)
yield. Second, it is demonstrated how the numerical calculation of electric
fields within the upconverting film in combination with a recently developed analytical model for the upconversion process can account rather
accurately for the observed UCL enhancement for varying intensities,
incidence angles, and polarization orientations. As a result, the relation
between the measured enhancements and the concentration factor of the
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incident radiation becomes apparent, which enables a justified prediction of the steps required before such upconverting materials can reach
efficiencies relevant for improving the performance of solar cells.

6.B

Theory

The upconversion process has a nonlinear dependence on the excitation
intensity, which saturates as the intensity is increased. For two-photon
upconversion, the upconversion-intensity dependence will saturate from
a quadratic dependence in the low-excitation limit toward a linear dependence in the high-excitation limit [27]. In a recent paper [1], we have
shown that for a bare upconverting film the intensity dependence of the
UCL yield, YUCL , is given by


YUCL = A 1 + ln

√



p
1 + 2I/Isat + 1
I
+
− 1 + 2I/Isat
2
2Isat

(6.1)

≡ A f gauss ( I/Isat )
where A is an amplitude factor, accounting for material parameters and
detection efficiency, and Isat is the excitation intensity where the upconversion process starts to saturate. A good upconverter has a low
saturation intensity, exemplified by the fact that an increased absorption
cross section decreases the saturation intensity, whereas an increased
nonradiative relaxation will increase the saturation intensity [1]. When
gold nanostructures are added to the film surface, causing the enhanced
ikkeUCL, as exemplified in Figure 6.1(c), the model becomes more involved. However, the UCL enhancement is straightforward to determine
experimentally by measuring the total UCL yield (area under each curve
in Figure 6.1(c)) with and without the nanostructures present on the
surface of the upconverter (red and blue curves, respectively) at the same
excitation conditions. In other words, the enhancement is a very convenient tool for characterizing the impact of photonic nanostructures, and
it is, therefore, worthwhile to seek a theoretical understanding of this
enhancement. By combining the above-mentioned analytical model with
simulated electric-field distributions inside the film, the theoretical UCL
enhancement, LUCL , defined as the ratio of YUCL with and without gold
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nanostructures present on the film surface, can be calculated as


ˆ
2
I
f gauss |Ẽ| 2 Isat
dV
|Ẽs |
VUC


LUCL = ˆ
,
|Ẽb |2 I
f gauss
dV
2 Isat
VUC

(6.2)

|Ẽs |

where f gauss is the saturation function defined in Equation (6.1), and the
integration is taken over the volume, VUC , of the upconverting film below
one unit cell of the gold nanostructures, see Figure 6.1(b). All electric
fields in this expression are simulated according to the relevant experimental conditions (i.e., angle of incidence and polarization), and Ẽ and
Ẽb correspond to the fields in the presence and absence of gold nanostructures, respectively. Due to the linearity of the absorption process,
the squared electric field inside the upconverting film is proportional
to the intensity, I, of the incoming laser beam and hence only needs
to be simulated once. The correct scaling is calibrated by reference to
the laser-beam intensity, Isat , which drives the upconverter material into
saturation, and the corresponding simulated electric field, Ẽs , for the
experimental conditions of this calibration measurement. The bar over
|Ẽs |2 in Equation (6.2) denotes volume-averaging over VUC . Variations
in the relaxations rates, e.g., quenching, are neglected since these effects
will only be significant for the small population of erbium ions in close
vicinity of the gold nanostructure, in agreement with Ref. [40]. A detailed
derivation of Equation (6.2) is available in Section 6.G on page 99; later
in this manuscript, we shall explain how the enhancement relates to
the more general description of light concentration and improvement of
photovoltaics.
Figure 6.1(b) shows the model setup for the simulation of the electric fields consisting a (x,y)-periodic unit cell of a 320 nm-thick TiO2 :Er
film and 50 nm-tall gold nanostructures placed on top, in the design
domain. The goal is to obtain nanostructure designs, which enable efficient coupling of the incident light to guided modes in the TiO2 :Er film,
and thereby, enhance the light intensity inside the film. The first step
in designing such structures is to calculate the electric field accurately.
Assuming nonmagnetic, linear, and isotropic materials, the Maxwell
equations can be recast into the time-harmonic vector-wave equation
[135]
∇ × (∇ × E) − ω 2 µ0 e(r ) E = 0,
(6.3)
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where ω is the angular frequency, µ0 is the free space permeability,
and e(r ) is the position-dependent (complex) electric permittivity, with
r = ( x, y, z) denoting the spatial position. Equation (6.3) is solved numerically using the finite element method [36]. Once the electric field
can be calculated, the next step is to optimize the nanostructure design
to enhance the UCL yield, which is numerically evaluated through an
appropriate merit function (to be introduced). The approach taken here,
known as topology optimization, is to define a material distribution in
the design domain and maximize the merit function by optimizing this
distribution. This is achieved by changing e(r ) in Equation (6.3), through
a spatially dependent nonphysical field ρ ∈ [0, 1] and expressing the
permittivity as e(nr (ρ), ni (ρ)) [136], where nr and ni are the real and
imagninary part of the refractive index, respectively. The design domain is divided into equally sized voxels (cubes), and a single ρ-value
is assigned to each voxel with a value of ρ = 0 corresponding to air
and ρ = 1 to gold. Since ρ is allowed to be continuous, gradient-based
optimization algorithms can be used to solve the optimization problem
efficiently. Any nonphysical material mixes (where ρ 6= 0 and ρ 6= 1) are
gradually removed over the course of the optimization using standard
penalization tools [137–139], eventually forcing ρ toward either 0 or 1.
This introduction outlines the general idea behind topology optimization.
For an in-depth presentation of topology optimization applied to nano
and microscale electromagnetism, the reader is referred to Ref. [140].
We choose to optimize the upconversion performance in the middle of the excitation regime, between the linear and quadratic intensity
dependence, that is, for a cubic dependence on the electric field. The
optimization problem is therefore formulated with the merit function
[44, 127, 141, 142]
´
i
3
V | Ẽ ( ρ, λ j )| dV
Φi,j = ´ UC i
,
(6.4)
3
VUC | Ẽb (0, λ j )| dV
where i and λ j parameterize the polarization and wavelength of the incoming field, respectively. In order to promote a design with a reasonable
robustness against slight experimental fabrication errors, the optimization problem is formulated as a min-max problem such that i ∈ {s, p}
and λ j ∈ {1490 nm, 1500 nm, 1510 nm} are considered simultaneously.
By

minimizing the worst performance in the set of all realizations, −Φi,j ,
the sensitivity toward variation in polarization and wavelength, or equivalently size variations in the realized nanostructure array, is decreased.
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Materials and methods

Numerical calculations
The topology optimization was performed with a voxel size of (5 × 5 × 5)
nm3 and with a 2D ρ-field, extruded to a height of 50 nm to ensure that
the designs can be fabricated using electron-beam lithography (EBL).
A unit-cell period of 780 nm was chosen to allow for efficient coupling
to waveguide modes in the film [44]. Since the optimization problem
is nonconvex, different geometries may emerge for different initial ρ’s.
A set of calculations have been made with a random initial material
distribution, resulting in a (smaller) set of converged geometries. These
geometries have been numerically characterized, and we have chosen
one, which shows robustness toward a change in incidence angle, while
still yielding high enhancements. In this procedure, we have on purpose
excluded designs such as a simple disk grating, which may work better
for a particular wavelength and angle of incidence, but the extreme
narrow-band response makes such structures irrelevant for developing
devices that must utilize the broad-bandwidth solar radiation. A movie
showing the course of the topology-optimization process leading to the
chosen design is found in the supplementary material, and the chosen
design, denoted P780*, can be seen in Figure 6.2(a).
Inspired by the simple square-ring structure of P780*, we have shapeoptimized designs consisting of a square and a ring by tuning the square
width, ring radius, and ring thickness using a derivative-free optimization
algorithm (Nelder-Mead [143]) to maximize the merit function in Equation (6.4), as for P780*. Unit-cell periods of 780 nm, 800 nm, and 1000 nm
were chosen and all other parameters kept the same as for the topologyoptimized sample P780*. The resulting three geometries denoted P780,
P800, and P1000 can be seen in Figure 6.2(b)-(d).
More details of the numerical calculations are available in Section 6.G
on page 91.

Sample fabrication
Starting with a 0.5 mm-SiO2 substrate, the TiO2 :Er was deposited using
a radio-frequency (RF) magnetron-sputtering system. The targets were
commercially produced from powders of TiO2 and Er2 O3 at an erbium
concentration of 5.1 at.%. The sputtering process was conducted in an
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argon atmosphere with 2 % oxygen at a pressure of 3 mmHg. The sputtering was done with a fixed RF power of 100 W and with the substrate
temperature fixed at 350 ◦C. These conditions were found to minimize
unwanted nonradiative relaxations in the thin films [2]. The deposition
time was calibrated to achieve a film thickness of 320 nm.
The gold nanostructures were fabricated by EBL in combination with
physical-vapor deposition on an (1.2 × 1.2) mm2 area of the thin films to
allow upconversion measurements on and off the gold nanostructures on
the same sample by moving the laser spot on the surface, and to minimize
the fabrication time. The EBL process was corrected for proximity effects
using the procedure described in Ref. [128] to obtain a better resolution.
The fabricated gold nanostructure had sidewalls with an inclination
angle of 75° as opposed to vertical sides (90°) assumed in the topology
optimization. For more information on the EBL, the reader is referred to
Section 6.G on page 91.

Optical diffraction measurements
After EBL fabrication, the mean unit-cell period of the nanostructures was
measured using optical diffraction. The measurements were conducted by
transmitting a helium-neon laser onto the nanostructure facing a screen
where the created diffraction pattern could be seen. The unit-cell period
was then calculated from Bragg’s law using: the wavelength of the laser,
the distance to the wall, and the distance from the zeroth to the first-order
diffraction peak on the screen.
This investigation showed an asymmetry in the horizontal and vertical
directions (defined by the SEM image), which leads to ambiguities when
measuring the optical properties at different polarization orientations
and angles of incidence. We have chosen to present the results with the
electric field of the excitation source, parallel to the vertical period of the
nanostructures here, while the case with the electric field parallel to the
horizontal period are discussed in Section 6.G on page 94.
A thorough explanation of the optical diffraction measurements and
results are available in Section 6.G on page 94.

Upconversion luminescence measurements
The UCL yield was measured by illuminating the samples with 1500 nm
laser light and recording the luminescence with an integrated spectrome-
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ter and CCD camera. The UCL-enhancement measurements were conducted with the samples placed in an integrating sphere with a diameter
of 150 mm to obtain identical collection efficiencies for all used geometries. The UCL yield is determined by integrating across the 980 nm peak
shown in Figure 6.1(c). The enhancement is defined as the ratio of the
UCL yield on and off the gold nanostructures.
The UCL enhancements were measured at varying angles of incidence
between 0° and 25°, for both s and p-polarization, and for two excitation
intensities, 323(97) W cm−2 and 5.8(5) W cm−2 , obtained using two different laser-beam areas. The rather high uncertainty in the high-excitation
intensity originates from the laser-beam area, elaborated in Section 6.G.
The enhancements with the horizontal period parallel to the electric field
are shown in Figure 6.6 on page 96.
To allow comparison with Equation (6.2), the saturation intensity of
the sample was measured at a 50° angle of incidence and a p-polarized
excitation, and by fitting UCL intensity-dependence data to Equation (6.1),
we have determined the corresponding saturation intensity to Isat =
20(6) W cm−2 , see data and fit in Figure 6.7 on page 97.
A thorough account of the UCL measurements, including the determination of the saturation intensity, is available in Section 6.G on
page 94.

6.D

Results

In Figure 6.2(a), the topology-optimized design is shown in the upper
row with the electric-field enhancement and distribution underneath, and
a scanning-electron microscope (SEM) image of the EBL produced sample
in the lowest row. The samples presented in Figure 6.2(b)-(d) will be
discussed later. The measured UCL enhancements with the vertical period
parallel to the electric field are presented in Figure 6.3 with the high and
low-intensity cases in the upper and lower panels, respectively. The
theoretically predicted upconversion enhancements, LUCL , shown as solid
curves in Figure 6.3, were calculated using Equation (6.2). A reasonable
qualitative agreement between the measurements and simulations is
observed: the order of magnitude, as well as the trend of the variations
with incidence angle and polarization, agree mostly. We stress that the
calculated UCL enhancements are computed from only the simulated
electric-field distribution, and the experimentally determined saturation
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P780*

b)

P780

c)

P800

d)

P1000

Figure 6.2: Optimized and fabricated designs a) P780*, b) P780, c) P800, and d)
P1000. In the top row, the unit-cell designs are shown with white representing
air and black representing gold, with the gray frame indicating the unit-cell
boundary. In the middle row, the polarization-averaged energy-density enhancement in the film, 1/2 ∑s,p | E|2 /| Eb |2 , at λ = 1500 nm is shown. In the bottom
row, SEM pictures of the EBL fabricated gold nanostructures are shown with
the scale-bars indicating 1 µm.

intensity. Moreover, we emphasize that the electric-field calculations
are made from the ideal unit-cell design with the periods and slanting
angle scaled to the measured values, as explained in Section 6.C. The
fabrication imperfections observed by comparing the design and SEM
images in the first and third row of Figure 6.2, respectively, are thus not
accounted for in the calculations, and the model is hence only expected
to be able to describe the general trend of the UCL enhancement caused
by the nanostructures.
A significant UCL enhancement has been found for a wide range of
incidence angles, especially for p-polarized excitation. This is in stark
contrast to what is generally reported in the literature, where high UCL
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Figure 6.3: UCL enhancements for all four nanostructure designs at high excitation intensity 323 W cm−2 (upper row), and low intensity 5.8 W cm−2 (lower
row). The measurements are plotted by circles, and the calculated values are
represented with solid curves. Red is used for the p-polarized case and blue for
the s-polarized case.

enhancements typically are coupled to a strong angular dependence
[63, 81]. A broad angular acceptance is essential when considering the
end goal of improving photovoltaics by concentrating solar radiation.
Noteworthy is also the fact that the enhancements reported here are
obtained in thick samples (320 nm) contrary to the case of previously reported high UCL enhancements, which were recorded from upconverting
film thicknesses below 25 nm [80, 81]. Due to the low absorption cross
section of erbium, thick upconverters are essential to achieve adequate
external quantum efficiency. From the absorption cross section of erbium
[144] and the general concentration level of erbium-doped upconverters
the absorption length is on the order of 1 mm at 1500 nm, hence we will
need even thicker films to achieve adequate external quantum efficiencies;
however, the results reported here provide an initial step on the way to
the realization of upconversion-enhanced solar cells.
The three additional designs in Figure 6.2(b)-(d) were found using
parameter optimization to investigate how the unit-cell period affects
the UCL yield, as they exhibit, based on simple grating-coupling condition, an efficient, a moderate, and a weak waveguide coupling at normal
incidence, respectively. The additional designs also further allow us to
validate the UCL model under different illumination conditions. The
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obtained designs have been fabricated, and their upconversion properties
measured similarly to P780*. Looking at the field enhancements in the
second row of Figure 6.2, it is clear that the field distribution of P780
(and P780*) resembles that of a waveguide mode with field enhancement
spanning the entire film. In contrast, P1000 shows a field distribution
with distinctly localized enhancements typically attributed to plasmonic
resonances. In Figure 6.3, large UCL enhancements are observed both
experimentally and numerically at normal incidence for P780 (and P780*),
while the samples P800 and P1000 show significantly lower values at
normal incidence and additionally have their peak efficiency at a nonzero
angle of incidence. This observation can be attributed to the phasematching criterion for coupling the incoming light to the waveguide
mode [44]. The criterion is not exactly met at normal incidence but is
instead fulfilled better at some nonzero angle. The UCL enhancements
in Figure 6.3 generally show a reasonable agreement between measured
and calculated values in all cases, except in P800 at angles where the
numerical data show strong resonances, which may not be present in the
fabricated samples or is simply not captured due to the finite number
of measuring angles. This generally good agreement between measurements and calculations is further backed by measured and calculated
extinction cross sections shown in Figure 6.9.
For all designs, we observe a drastic increase in the UCL enhancement by
decreasing the excitation intensity (compare the upper and lower panels
of Figure 6.3), indicating that the data are measured under the influence
of saturation. To demonstrate this, we investigate the best-performing
sample, P780, at the optimal conditions, i.e., 1° angle of incidence and spolarized excitation, at even lower excitation intensities. The laser power,
and hence the intensity, is attenuated with neutral-density (ND) filters,
thus maintaining the same laser-beam area as was the case for the results
presented in the lower panels of Figure 6.3. In this case, we measured
a maximum UCL enhancement factor of 913(51) (see blue open-faced
circles in Figure 6.4) at an excitation intensity of 1.7 W cm−2 . The blue
data point in Figure 6.4 at high intensity and low UCL enhancements,
measured at a similar angle of incidence and polarization but with the
small laser-beam area taken from the upper panel of Figure 6.3(b), is
included to present all relevant data. The measurements indicate that
even stronger enhancements could be measured by decreasing the excitation intensity even more, which is, however, impractical due to the
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signal-to-noise ratio of the integrating-sphere setup used.
Nevertheless, we have measured UCL enhancement factors between
30 and 913 for the same photonic structure at the same polarization and
angle of incidence of the excitation source by merely varying the excitation
intensity. This considerable span of enhancement factors demonstrates
the arbitrariness in stating a UCL enhancement factor alone without
explaining the proper experimental context. We wish to remove this
arbitrariness, once and for all, such that it is possible to make a sensible
quantification of the ability of a photonic structure to enhance the UCL.
To achieve this, we shall define below a light-concentration factor Cns
as the proper quantification of the photonic structure. In order to get
there, we remind the reader that the UCL enhancement is defined by
on /Y off , where we know from Equation (6.1) that Y off ∝
the ratio YUCL
UCL
UCL
f gauss ( I/Isat ). It is thus tempting to investigate if we can find a similar
relation for the UCL enhancement on the nanostructure. Therefore, we
measure carefully the intensity dependence of the YUCL as exemplified
in Figure 6.1(c), both on and off the gold nanostructures at the same
polarization and incidence angle as in the enhancement measurements
just described. These intensity-dependence measurements are conducted
without the use of an integrating sphere to improve the signal-to-noise
ratio significantly, and the results are shown in Figure 6.4 on (red circles)
and off (red squares) the gold nanostructures. For both data sets, the
solid black curves correspond to fits to Equation (6.1). In other words,
off ( I ) = Aoff f
off
the experimental signals follow the model YUCL
gauss ( I/Isat )
on
on
on
and YUCL ( I ) = A f gauss ( I/Isat ), where the fitted saturation intensities
on = 0.59(5) W cm−2 and I off = 39(11) W cm−2 , respectively1 . The
are Isat
sat
proportionality factors Aoff and Aon depend on the experimental light
collection efficiency, which is not the same on and off the nanostructures
due to, among other, variations in the light-emission pattern.
While we expect from Ref. [1] that Equation (6.1) provides a good
description for the intensity-dependence measurement off the nanostructures, it is quite surprising, at first glance, that a satisfactory fit can also
be obtained on the nanostructures. One may be tempted to conclude that
the approximation f gauss ( x ) ≈ f gauss ( x ) is valid even when the intensity
distribution in the film is highly nonuniform under the influence of the
1 The difference in saturation intensities found off the nanostructure here and the
value stated in Section 6.C are due to different polarization and incidence angle of the
excitation laser
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nanostructures. However, in Section 6.G on page 107, we argue that a
better approximation is f gauss ( x ) ≈ ζ f gauss ( x/ζ ), where ζ is a measure
of the inhomogeneity of the intensity distribution inside the upconverting
film and must be well-chosen in the range from 0.38 to 1. This fact
explains why the UCL-intensity dependence on the gold nanostructure
follow Equation (6.1), and in Section 6.G on page 107 we also explain that
the corresponding on-structure saturation intensity is given by
on
off
Isat
= Isat
ζ·

| Eb |2
off
≡ Isat
ζ/Cns ,
2
| E|

(6.5)

where the concentration factor Cns ≡ | E|2 /| Eb |2 of the mean electromagnetic energy density was defined. Hence, if we can determine the value of
ζ, it is possible in turn to calculate Cns as a reliable, intensity-independent
measure of the performance of the photonic structure. In order to achieve
this, we show in Section 6.G on page 107 that the above-mentioned
success of fitting the red data points in Figure 6.4 to the f -function in
Equation (6.1) immediately leads to the conclusion that the theoretically
predicted enhancement in Equation (6.2) can be simplified to
 
I
f gauss I on
sat
,

L̃UCL = ζ
(6.6)
I
f gauss I off
sat


on and f
off
where f gauss ( I/Isat
)
gauss I/Isat are exactly the functions known
from the fitting in Figure 6.4. It should be noted that using the same
polarization and incidence angle for all data points in Figure 6.4 is
required for this relation to be valid. Hence, to establish the value of
ζ, we only need to calibrate Equation (6.6) to the experimental UCL
enhancement measurements. The dotted blue curve in Figure 6.4 is
obtained exactly in this way by fitting Equation (6.6) to the blue data
points (excluding the outlier) while treating ζ as the only free parameter.
With this, we have determined a reasonable ζ-value of 0.48, well within
the allowed range. The outlier is measured at such high excitation
intensities that deviations from Equation (6.1) are expected to occur due
to significant excitation to higher-energy states of Er3+ not included in the
model. This was previously observed for a core-shell NaYF4 :Er sample
on stated above [1]. With the
with a saturation intensity similar to the Isat
off /I on = 32(10). In
ζ-value at hand, we can now determine Cns = ζ Isat
sat
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Figure 6.4: The UCL enhancement for the P780 sample is plotted against excitation intensity in blue open-faced points. The red circles and squares are
intensity-dependence curves measured on and off the gold nanostructure, respectively, for the P780 sample with corresponding fits shown by the black-solid
curves. The blue dotted curve showing the theoretically expected enhancement
is obtained by fitting the blue data points (excluding the outlier) to Equation (6.6)
with ζ as the only fitting parameter.

comparison, the simulated concentration factor is moderately smaller
at a value of 23, consistent with the fact that the experimental UCL
enhancements are somewhat higher than the simulation for P780 at these
experimental conditions, see Figure 6.3(b).

6.E

Discussion

Let us use our new understanding to consider the applicability of existing upconverters for solar-cell improvements under realistic excitation
conditions, i.e., one sun. The introduced concentration factor, Cns , becomes important for two reasons: First, the total-absorption rate of an
upconverting film is enhanced exactly by Cns when any kind of photonic
enhancement is present, see Equation (6.31) on page 107. Second, together with the ζ-parameter the concentration factor can be interpreted
as a lowering of the saturation intensity by the factor ζ/Cns , and as a
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result, the saturation intensity approaching the ideal excitation condition
of I ≈ 10Isat , suggested in Ref. [1]. Nevertheless, the impressive Cns factor reported in this article is still not enough for a working solar-cell
device with currently available erbium-based upconverters. To arrive
at this conclusion, consider that the available radiation energy from the
sun in the absorption band of trivalent erbium is about 3 × 10−3 W cm−2 .
This excitation intensity is roughly four orders of magnitude lower than
the desired excitation regime for a TiO2 :Er upconverter. Even if we had
chosen the more efficient upconverter system of NaYF4 :Er, with a significantly lower saturation intensity [1], we are still between one and
two orders of magnitude short in concentration factor. This estimate is
even assuming that we could achieve similar photonic concentration in
the NaYF4 , which is highly unlikely due to the smaller refractive index
limiting the waveguiding efficiencies [44]. Moreover, not much can be
gained from a further photonic concentration since this must come at the
expense of lowering the bandwidth of the photonic structure. A naive
estimate on the bandwidth lowering is 1500 nm/Cns ≈ 50 nm, which is
already similar to the absorption bandwidth of Er3+ . Instead, new materials could be introduced to improve performance, such as fluorescent
concentrators, concentrating the entire available electromagnetic radiation
from the sun in the range from 1100 nm to 1450 nm into the absorption
band of Er3+ as proposed in Ref. [74]. However, most desirable would be,
also, to find new upconverting materials or hosts with larger absorption
cross sections of the active material and ideally with high refractive index
ensuring the capability of efficient waveguide coupling. After all, this
will lower the saturation intensity as well as increase the total absorption
rate, and thus significantly lower the demand for a high concentration of
the electromagnetic radiation in large upconverting volumes.

6.F

Conclusion

In conclusion, we have designed and fabricated highly efficient photonic
structures for enhancing the upconversion process in thin films of TiO2 :Er.
The UCL enhancement dependence on the unit-cell period of the nanostructure is studied through parametrically optimized designs in spired by
the topology optimization. An unprecedented UCL enhancement factor
of 913(51) has been measured at an excitation intensity of 1.7 W cm−2 . A
model for the UCL enhancement is developed, which agrees reasonably
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with the measured UCL enhancements of the fabricated structures. The
model further allows for an experimental determination of the concentration of the mean electromagnetic energy density in the upconverting
film – an essential parameter when assessing the applicability of photonic
enhanced upconverters for solar-cell applications.
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Numerical calculations
The period used in the topological optimization was chosen based on a
simple wave-guide analysis to phase match a normal incident plane wave
into a guided mode in the thin film of 320 nm-upconverting material [44].
As the gradient-based approach in topology optimization ensures convergence only to a local minimum, a multi-start procedure was used where
a few optimizations were run with random initial material-distribution in
the design domain, obtained by assigning each voxel a random ρ-value
between 0 and 1. These calculations were optimizing the merit function
(Equation 6.4) as a min-max optimization over s and p polarizations at the
wavelength 1520 nm. A 10 nm-voxel size and first-order shape functions
[36] in the finite element model were used for fast computation. An
example of the iterations of such a calculation leading to a design similar
to P780* is attached to the submission as a web-enhanced object, where
ρ ≥ 0.1 is shown in grayscale with black corresponding to ρ = 1. ρ values
less than 0.1 were not plotted. This design was then subsequently used in
a high-resolution (5 nm voxels) min-max topology optimization considering both s and p polarizations at the wavelengths 1490 nm, 1500 nm, and
1510 nm to better match the structure to the experimental settings. This
optimization led to the design P780* shown in Figure 6.2 on page 84.
In the implementation of the topology optimization, the design variables essentially live in a 2D space (imagined to be on the top surface
of the thin film), and they are then extruded into a 3D structure in the
direction of the upward surface normal of the thin film, in order to limit
the designs to only those compatible with the production. When realizing
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the design, the sides of the structure are expected to be slanted with
an angle of 75°, as described in Section 6.C on page 81. This slanting
was introduced in the numerical design, and the unit cell was scaled
to the measured periods when compared with the experiments in Figure 6.3 on page 85. In addition, the accuracy of the numerical calculation
was increased by using second-order shape functions in the finite element model, as opposed to the first-order shape functions used in the
topological optimization.

The designs P780, P800, and P1000 were made by interpreting P780*
as a central square and outer rings. The corners of the central square were
rounded with a radius of 25 nm, corresponding roughly to the minimum
radius achievable in the EBL production using the PEC method described
in Ref. [128]. The sides of the structure were slanted with an angle of 75°.
The merit function (Equation (6.4) of the main text) was optimized using
a min-max optimization for wavelengths 1490 nm, 1500 nm, and 1510 nm
for the P780 design and 1480 nm, 1500 nm, and 1520 nm for the P800
and P1000 designs with the ring radius, ring thickness, and square side
lengths as optimization variables. The minimum ring thickness was set to
45 nm, which is the minimum achievable thickness in the production. In
all cases, the ring thickness was found to be 45 nm. Without the constraint
on the ring thickness, a value between 20 and 40 nm were found in the
different cases. As with P780*, the unit cells were also scaled to the
measured periods when comparing to the experiments in, e.g., Figure 6.3
on page 85.
The solution to the vector-wave equation (Equation (6.3) on page 79)
as well as the topology and parametric optimizations were conducted
in the commercial software-package COMSOL MultiPhysics® [145]. For
the topology optimization, the gradient-based optimization algorithm
Globally Convergent Method of Moving Asymptotes (GCMMA) [146]
implemented in COMSOL is used, and the entire topology-optimization
procedure is controlled and automated using a custom MATLAB code
interfacing with COMSOL through the LiveLink API. The parametric
optimization of P780, P800, and P1000 is performed directly within
COMSOL via the build-in derivative-free Nelder-Mead optimization
algorithm.
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Sample fabrication
Radio-frequency magnetron sputtering
Starting with a 0.5 mm-SiO2 substrate, the TiO2 :Er was deposited using a
radio-frequency magnetron sputtering system from AJA Orion ATC. The
targets were commercially produced (by Able Targets) from powders of
TiO2 and Er2 O3 at an erbium concentration of 5.1 at.%. The sputtering
process was conducted in an argon atmosphere with 2 % oxygen at a
pressure of 3 mmHg. The sputtering was done with fixed sputtering
power of 100 W and with the substrate temperature fixed at 350 ◦C. These
conditions were found to minimize unwanted nonradiative relaxation[2].
The deposition time was calibrated to achieve a film thickness of 320 nm.
The fabricated thin films show no cyrstal structure.

Electron-beam lithography
The gold nanostructures were fabricated on the 320 nm-thick TiO2 :Er film
in a 1.2 × 1.2 mm2 area of the thin film surface to allow excitation on and
off the the nano-structured area.
Prior to the EBL process, the samples were spin-coated with a positive
resist (AR-P 6200.09) and post-baked at 150 ◦C for 60 s, yielding a 250 nmthick film. Subsequently, a layer of 40 nm conductive polymer (ARPC 5090) was spin coated and post-baked at 85 ◦C also for 60 s. The
exposure was carried out using a FEI Magellan 400 SEM system at 30 kV
accelerating voltage and 44 pA current. The SEM apparatus was equipped
with a Raith pattern generator (100 × 100 µm2 writing field in 6 nm step
size). Following exposure, the conductive polymer was removed by
rinsing in deionized water for 60 s. Development of the positive resist
was carried out for 60 s in a process resist (AR 600-546) and for 30 s in
isopropanol as a stopper. Subsequently, layers of 3 nm Titanium (adhesion
layer) and 50 nm gold were deposited through the developed mask using
a Polyteknik Cryofox Explorer 500 GLAD physical vapor-deposition
system equipped with an e-beam-gun source (deposition rate 0.5 and
0.3 Å s−1 for titanium and gold, respectively). Finally, the samples were
soaked in remover (AR 300-76) overnight and sonicated for 180 s in order
to remove unwanted material.
The optimal exposure pattern for the designs has been found using
the "Proximity-effect correction" procedure described in Ref. [128].
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Table 6.1: Average unit-cell period of the produced samples with the parentheses
indicating the measurement uncertainty. All numbers are in nm.
x
y

P780*

P780

P800

P1000

782 (±2)
792 (±2)

781 (±3)
789 (±3)

798 (±4)
810 (±3)

1006 (±2)
1015 (±1)

Measurements
Optical-diffraction measurements
The average unit-cell dimensions of the fabricated structures were measured by optical diffraction using a helium-neon laser in a simple diffraction setup. The sample is illuminated from the quartz side by the heliumneon laser. A diffraction pattern is observed on a screen at a distance of
around 1 m. From the distance to the screen, the distance from the 0’th
diffraction order to the 1’st, and the wavelength of the helium-neon laser
(632.8 nm), the period of the nanostructure is determined using Bragg’s
law. The results are stated in Table 6.1.
Upconversion-luminescence measurements
The upconversion luminescence (UCL) was measured by exciting the
samples with a 1500 nm-diode laser. The UCL intensity is recorded
by an integrated Princeton Instrument Acton 2358 spectrograph and a
PIXIS:100BR CCD camera. Example spectra with and without exciting
the nanostructered area are shown in Figure 6.5.
The polarization of the excitation laser is controlled by a Thorlabs
half-wave plate (WPHSM05-1550) and a Thorlabs polarization filter
(LPIREA100-C). The laser excitation intensity is controlled by utilizing
two different beam areas, achieved by moving a focusing lens, and by
attenuation with neutral-density filters. The UCL yield is determined
by integrating the UCL intensity spectrum over the luminescence peak
centered around 980 nm, see Figure 6.5. The UCL enhancement, exemplified by the large difference in the two curves shown in Figure 6.5, is
computed as the ratio of the UCL yield when exciting on and off the gold
nanostructures. The UCL-enhancement measurements were all carried
out with the samples placed in a 150 mm-Labsphere integrating sphere
to obtain identical collection efficiencies. The enhancement results with
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Figure 6.5: Spectra exemplifying both the upconversion luminescence with (red
curve) and without (blue curve) gold nanostructures on the film surface.

the horizontal period (corresponding to x in Table 6.1) parallel to the
electric field of the excitation laser for all samples are shown in Figure 6.6,
with the other case shown in Figure 6.3 on page 85. The upconversionluminescence intensity-dependence measurement is carried out similarly
to the UCL enhancement measurements with the exceptions that the
measurements were carried out without the use of an integrating sphere
since the collection efficiency of the optical setup is not dependent on the
excitation level. This allows for a better signal-to-noise ratio, which is
required to investigate the UCL yield over a large dynamic range. The
intensity-dependence is measured for a fixed angle of incidence of 50°
and fixed p-polarized excitation. The saturation intensity,Isat is determined by fitting the measurement to Equation (6.1) on page 78. The
results are shown in Figure 6.7.
Beam-area estimation
Since a 1500 nm-diode laser is used as the excitation source, the beam
cannot be imaged by a standard Si-CCD camera, which introduces some
challenges when measuring the laser-beam area. We have measured the
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Figure 6.6: UCL enhancements plotted against the angle of incidence in colored
circles of all four investigated samples with the horizontal period parallel with
the electric field of the excitation source. In the upper row the "high" excitation
intensity 323 W cm−2 is shown, with the "low" excitation intensity 5.8 W cm−2
underneath. The measured enhancement for p-polarized excitation is plotted in
red, whereas the s-polarized measurements are plotted in blue. The solid line
indicates the theoretical enhancement computed by the use of Equation (6.2) on
page 6.2.

beam area by use of a movable razor blade and a power meter. The
razor blade is placed where the beam area of the laser is to be measured,
and the power meter somewhat after that. Assuming a Gaussian spatial
intensity profile with the x and the y directions in the direction of the
major and minor axes
the intensity is given
h of the beam area, respectively,
i
by: I ( x, y) = I0 exp −2( x2 /w2x + y2 /w2y ) . By translating the razor blade
along the x-direction, one can show that the measured power, Pdet , is
given by
!!
√
Ptot
2 ( x − x0 )
Pdet ( x ) =
1 + erf
,
(6.7)
2
wx

where wx and wy are the beam radii in the x and y-directions at the
measured position in the beam path, and Ptot is the total laser power.
The beam area can thus be found by fitting Equation (6.7) to data, see
Figure 6.8. From the maximum and minimum obtained beam waist the
beam area, A, are computed by A = π min(w) max(w) thus assuming
an elliptical beam with min(w) and max(w) the major and minor axes,
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Figure 6.7: Intensity-dependence measurement for the bare TiO2 film plotted
with red dots with the corresponding fit to Equation (6.2) on page 79 plotted
as the solid black curve. The saturation intensities indicated with the dashed
red vertical line is determined to be 20(6) W cm−2 , for the investigated case of
p-polarized excitation under an 50° angle of incidence.

Large beam area
Small beam area

2.80(24) × 10−3 cm2
5.0(15) × 10−5 cm2

Table 6.2: Measured beam areas determined by the measurement and corresponding fits shown in Figure 6.8.

respectively.
To find the major a minor axes, the razor blade has been rotated in
steps of 30° in the plane perpendicular to the propagation direction, for
both the small and the large beam area used in the UCL measurements.
The data and corresponding fits are shown in the upper panels of Figure 6.8, with the corresponding beam radii in the lower panels. As seen
in the upper panels, the data for the large beam area is nicely fitted
whereas discrepancies are observed for the small beam area due to the
spatial mode of the laser being only approximately Gaussian. Although
unfortunate that we cannot provide a more accurate measure of the laser-
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beam area, it is important to note that the stated uncertainty reflects a
systematic uncertainty for all intensities, whereas the relative uncertainty
is much smaller. In other words, when comparing two different UCL
measurements at the same intensity, there is rather large uncertainty in
the exact value of the intensity used, reflected by the large, stated error,
but the variation in intensity between the two measurements is much
less. Therefore, the high uncertainty does not affect the uncertainty in
the measured UCL enhancements, since these are independent of the
excitation intensity as long as the UCL yields on and off the nanostructures are measured at similar conditions. The high uncertainty in the
beam area, and thereby the intensities, will though affect the determined
saturation intensities, since the absolute scale of the horizontal axes in
Figure 6.6 above and Figure 6.3 on page 85 are determined using the
uncertain beam area.

Extinction cross section measurements
The extinction cross section has been measured in the range from 900 nm
to 1800 nm using a LAMBDA-1050 UV/Vis spectrophotometer from
Perkin Elmer Inc., see Figure 6.9. The extinction cross section was calculated as the difference of the measured direct transmittance on and off the
gold nanostructures, as explained in Ref. [147]. The simulated extinction
cross section is computed as the difference in total transmittance in the
presence and absence of gold nanostructures as computed by the FEM.
Here, the total transmittance includes all light transmitted through the
sample, whereas the direct transmittance only accounts for the part of
the transmitted light that is not deflected. The comparison is thus not
between exactly the same physical quantities, but the general trends will
be similar. The good agreement between the simulated and measured
extinction cross section spectra brings great confidence to the validity
of the FEM calculations. Note also the narrow resonance at 1500 nm for
P780* and P780, while it is slightly broader for the P800 and significantly
broader for P1000. This agrees with the interpretation of a coupling
dominated by waveguide effects for P780 and P780* and by plasmonic
effects for P1000 as described in Section 4.D on page 40.
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Figure 6.8: In the left panels (a), data for a hard focus of the laser-beam spot
corresponding to a small beam area, and the corresponding data for the weak
focus and large beam area to the right (b). In the upper panels, the plotted points
are measured power of the laser as a function of the position of the razor blade,
and the solid curves are fits to Equation (6.7). In the lower panels, the fitted
beam radii are plotted against the orientation of the scan in steps of 30°. The
resulting beam area, A, is computed as the product A = π min(wi ) max(wi ).

The upconversion model
Derivation of the saturation model for upconversion enhancement
The response of the upconverting Er3+ ions to electromagnetic radiation
follows a set on nonlinear differential equations, as explained in Chapter 4.
The rate of upconversion emission, ΓUCL , is a measure of the number of
emitted photons per second per Er3+ ion, and following Equation (4.9) in
Chapter 4, this can be expressed as:
ΓUCL = Γeff · f



|E( x, y, z)|2
| Esat |2



,

(6.8)

Normalized extinction cross section [-]
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Figure 6.9: Measured (red dashed curve) and simulated (blue solid curve)
extinction cross section of all investigated samples.

where Γeff is a constant to be discussed below, E is the complex amplitude
of the electric field at the location of the Er3+ , Esat is a material-dependent
parameter describing the characteristic field at saturation to be discussed
later, and f is a function given by
µ
.
2

(6.9)

A31 σ12 e0 cnr | Esat |2
,
Γ31
2hν

(6.10)

f (µ) = 1 −

p

1+µ+

The constant Γeff is given by
Γeff =
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Figure 6.10: (a) Coordinate systems on the macroscopic scale: The system
( x, y, z), shown in red, follows the directions of the active film, while a rotated
system ( x 0 , y0 , z0 ), shown in green, follows the incoming laser beam, which is
incident under an angle θ. The origo of both systems is defined as the center
of the laser spot on the film surface. The active film may be patterned by
nanostructures in a periodic manner with a spatial repetition period indicated
by the unit cells. (b) Coordinate systems on the local scale: The vector Ri , shown
in red, points to the ith unit cell, whereas the system ( x̃, ỹ, z̃), shown in blue,
parametrizes the volume of a single unit cell.

where A31 and Γ31 are the spontaneous emission rate and total decay rate,
respectively, on the upconversion transition 3 → 1 (corresponding to the
3+
4I
4
11/2 → I15/2 transition at around 980 nm in Er ), σ12 is the absorption
cross section on the transition 1 → 2 (corresponding to the 4I15/2 → 4I13/2
transition at around 1500 nm in Er3+ ), e0 is the vacuum permittivity, c is
the speed of light in vacuum, nr is the real part of the refractive index,
h is Planck’s constant, and ν is the frequency of the (monochromatic)
electromagnetic radiation. It should be noted that the mathematical
formalism in Chapter 4 is expressed in terms of the incoming intensities,
which is here translated into electric field amplitudes E according to:
Intensity = 12 e0 nr c| E|2 with thin-film interference accounted for by the
FEM simulations. | Esat |2 is hereby related to the material parameters via

| Esat |2 =

2 hνΓ21 (Wcr + Γ43 )
,
e0 nr c 8σ12 Wetu Γ43

(6.11)

with Γ21 and Γ43 the total decay rates on the upconversion transition
2 → 1 and 4 → 3, respectively (corresponding to the 4I13/2 → 4I15/2 and
3+
4I
4
9/2 → I11/2 transitions in Er ), Wetu is the energy-transfer process
(2, 2) → (4, 1) between two excited Er3+ , and Wcr is the inverse process
to Wetu often denoted cross relaxation.
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The upconversion yield, YUCL , describes the total number of emitted
upconverted photons per second and is found by integrating ΓUCL over
the entire active film (see Figure 6.10(a)):
ˆ
YUCL = N

ˆ
film

ΓUCL dx dy dz ≈ NΓeff

film

f



|E( x, y, z)|2
| Esat |2



dx dy dz,

(6.12)

where N is the density of Er3+ ions. In the second step, it is assumed
that Γeff has no spatial dependence. In principle, the quantum efficiency
of the light emission, and hence Γeff , can be affected by the presence of
metallic nanostructures. However, this effect is only significant in the
close vicinity of the nanostructures where the UCL is typically quenched
[40], and the approximation is very reasonable for the 320 nm-thick film
investigated here.
The electric field E( x, y, z) has a spatial dependence for several reasons:
(i) the active film may be patterned by nanostructures, (ii) there may be
thin-film interference in the active film, and (iii) the incoming laser beam
has a spatial dependence of its complex amplitude given by:


4P
2 ( x 02 + y 02 )
exp −
.
| Elaser ( x , y , z )| =
ce0 πw2
w2
0

0

2

0

(6.13)

This expression follows from some algebraic manipulation and the
expressions for Gaussian laser beams in the paraxial approximation [35].
The coordinates ( x 0 , y0 , z0 ) refer to a coordinate system aligned with the
laser beam [see Figure 6.10(a)], P is the total power of the laser beam,
and w is the beam radius which is assumed to be constant. In principle,
w will vary along the line of propagation, but for a moderately focused
laser beam, these variations take place on a much longer scale than the
thickness of the investigated film. Along the same lines of thought, the
spatial extent of the laser spot is assumed to be much larger than the
spatial period (unit cells) of the nanostructures on the active film. This
will be used in the following to obtain approximate and tractable ways of
calculating the upconversion yield, YUCL .
The two coordinate systems, ( x, y, z) and ( x 0 , y0 , z0 ) shown in Figure 6.10(a), are related to each other via the angle of incidence θ:
x 0 = x,
y0 = y cos θ + z sin θ,
0

z = −y sin θ + z cos θ.

(6.14)
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In addition, let the vector Ri = ( Xi , Yi , Zi ) point to the ith unit cell of
the active film and define a local coordinate system ( x̃, ỹ, z̃) within one
unit cell [see Figure 6.10(b)]. The modulus square of the electric field
amplitude in the ith unit cell can then conveniently be written as:

|Ei ( x, y, z)|2 = |E( Xi + x̃, Yi + ỹ, Zi + z̃)|2 .

(6.15)

In the presence of nanostructures, this electric field varies rapidly with
( x̃, ỹ, z̃), while at the same time, the incident laser field has variations
over a much larger scale and is rather constant over a few unit cells.
This motivates an approximation: For the ith unit cell, assume that the
incoming laser field is a plane wave and use periodic boundary conditions for a numerical calculation of Ei ( x, y, z) since the neighboring unit
cells experience essentially the same incoming field. This simplifies the
calculations significantly, and it is only necessary to carry out a numerical determination of Ei ( x, y, z) for a single unit cell. In this calculation,
let E0 be the complex amplitude of the incoming plane wave, incident
at the angle θ and with a polarization described by p. The resulting
electric field within the unit cell in the active film is then denoted as
E( x̃, ỹ, z̃, θ, p). Since E0 can be chosen arbitrarily in the calculation, we
shall by Ẽ denote the simulated normalized electric field relative to the
incoming amplitude:
Ẽ( x̃, ỹ, z̃, θ, p) =

E( x̃, ỹ, z̃, θ, p)
.
E0

(6.16)

In experiment, the magnitude of the incoming plane wave is set by the
Gaussian laser beam for the ith unit cell:

| E0 |2 = | Elaser ( Xi0 , Yi0 , 0)|2 ,

(6.17)

where it is sufficient to evaluate Equation (6.13) only at the center of the
unit cell. Hence, the electric field within the ith unit cell is given by:


2( Xi02 + Yi02 )
4P
|Ei ( x, y, z)| = |Ẽ( x̃, ỹ, z̃, θ, p)|
exp −
.
ce0 πw2
w2
2

2

(6.18)

In other words, the single-unit-cell numerical result for the relative electric
field within the film, denoted as |Ẽ( x̃, ỹ, z̃, θ, p)|2 and parametrized by
the local-scale coordinates ( x̃, ỹ, z̃), is simply multiplied by the actual
field amplitude of the incoming Gaussian laser beam at the location of
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the ith unit cell, which is parametrized by the macro-scale coordinates
( Xi0 , Yi0 , Zi0 ). The integral in Equation (6.12) then becomes simpler; a sum
over unit cells on the macro scale and an integration over local coordinates
within one unit cell:
ˆ

!!
2( Xi02 + Yi02 )
|Ẽ( x̃, ỹ, z̃, θ, p)|2 4P
YUCL = NΓeff ∑
f
exp −
dx̃ dỹ dz̃
| Esat |2
ce0 πw2
w2
cell
i
(
!!
)
ˆ
2( Xi02 + Yi02 )
NΓeff
|Ẽ|2
4P
=
f
exp −
∆X 0 ∆Y 0 dx̃ dỹ dz̃
∑
0
0
2
2
∆X ∆Y cell i
| Esat | ce0 πw
w2



ˆ ˆ 
NΓeff
|Ẽ|2
4P
2( X 02 + Y 02 )
0
0
≈
f
exp −
dX dY dx̃ dỹ dz̃
∆X 0 ∆Y 0 cell
| Esat |2 ce0 πw2
w2



ˆ ˆ ∞ 
NΓeff
2R02
f 2β exp − 2
=
2πR0 dR0 dx̃ dỹ dz̃.
0
0
∆X ∆Y cell
w
0
(6.19)

The second step left out ( x̃, ỹ, z̃) for brevity and introduced ∆X 0 ∆Y 0 in
the numerator and denominator, where ∆X 0 is the distance between Xi0
coordinates for two neighbouring unit cells along the x 0 -axis and likewise
for ∆Y 0 . Note that from Equation (6.14) it follows that ∆X 0 = ∆X and
∆Y 0 = ∆Y cos θ, where the unprimed ∆X and ∆Y refer to the widths of
the unit cell along the x and y axes. The third step above exploits the fact
that Xi0 and Yi0 vary slowly on the scale of ∆X 0 and ∆Y 0 , recognizing that
the sum in the curly parentheses can be approximated as an integral. The
fourth step is a change to polar coordinates for the integral in the curly
brackets, R02 = X 02 + Y 02 , and an abbreviation is introduced within the
f -function:
|Ẽ( x̃, ỹ, z̃, θ, p)|2 2P
.
(6.20)
β=
| Esat |2
ce0 πw2
Now, define a new parameter

2R02
ξ = 2β exp − 2
w




,

(6.21)

which is an injective function of R0 and can be used to integrate the
expression in the curly brackets in Equation (6.19) by substitution. With
dξ = −4R0 ξdR0 /w2 and new integration limits 2β and 0, one finds:


ˆ ∞ 
ˆ
2R02
πw2 2β f (ξ )
0
0
f β exp − 2
2πR dR =
dξ
w
2
ξ
0
0
(6.22)
√

ˆ 
πw2 2β 1 − 1 + ξ
1
2
=
+
dξ = πw f gauss ( β),
2
ξ
2
0
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where the function f gauss is given by
p
f gauss ( β) = 1 + ln

1 + 2β + 1
2

!

+

β p
− 1 + 2β.
2

(6.23)

The f -function from Equation (6.9) and the above f gauss -function are
identical to the curly brackets of Equations. (4.10) and (4.14) and shown
in Figure 4.2(a) in Chapter 4. Inserting Equation (6.22) in Equation (6.19)
leads to the upconversion yield
ˆ
Ndπw2 Γeff
YUCL =
f gauss ( β) dx̃ dỹ dz̃
∆X∆Yd cos θ cell


ˆ
Ndπw2 Γeff
|Ẽ( x̃, ỹ, z̃, θ, p)|2 2P
dx̃ dỹ dz̃
=
f gauss
∆X∆Yd cos θ cell
| Esat |2
ce0 πw2


Ndπw2 Γeff
|Ẽ( x̃, ỹ, z̃, θ, p)|2 2P
=
.
f gauss
cos θ
| Esat |2
ce0 πw2
(6.24)
In the first line, the thickness, d, of the active film was introduced, and
in the second line, β was simply inserted according to Equation (6.20).
Remembering that ∆X∆Yd is the volume of the thin-film under the unit
cell, the bar above f gauss in the third line denotes a spatial average over
the unit cell. We also note that I = P/πw2 is the characteristic intensity
of the incoming Gaussian laser beam.
It remains to determine the value of Esat , i.e., the characteristic field
amplitude within the active film at which the Er3+ ions reach their saturation point. Ref. [1] approached the same problem in an operational
way in terms of the incoming intensity by defining Isat ; the value of the
incoming intensity at which the Er3+ ions reach their saturation point. In
that reference, the upconversion yield, YUCL , was measured as a function
of incoming intensity I, and Isat was derived as a fitting parameter. Such
measurements are typically carried out for a specific angle of incidence,
θs , and a chosen polarization, ps , with the subscript “s” referring to
“saturation measurement”. To see how the parameter Isat derived by this
method relates to the Esat , one should first acknowledge that for a given
incoming characteristic intensity, I, the electric field E( x, y, z) inside the
active film is slightly varying due to thin-film interference. A sensible
measure of Esat is found by requiring that the average of |E|2 inside the
film is equal to | Esat |2 when I is equal to what we denote as Isat . Since an
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intensity I and a complex field amplitude E0 are related by I = 12 e0 c| E0 |2
in free space, the factor 2Icesat0 must describe the incoming | E0 |2 at the
saturation point. In this case, the field inside the unit cell must be given
by:
2Isat
|Es ( x, y, z)|2 = |Ẽ( x̃, ỹ, z̃, θs , ps )|2
,
(6.25)
ce0
where Ẽs = Ẽ( x̃, ỹ, z̃, θs , ps ) is the numerically determined relative field
inside the active film for the angle and polarization corresponding to the
experimental settings of the saturation measurement. We thus find:

| Esat |2 = |Ẽs |2

2Isat
,
ce0

(6.26)

which can be inserted into Equation (6.24), and one finds the final expression for the upconversion yield:
YUCL

Ndπw2 Γeff
=
f gauss
cos θ

!
|Ẽ( x̃, ỹ, z̃, θ, p)|2 I
.
Isat
|Ẽs |2

(6.27)

We stress that Ẽ and Ẽs both represent numerically calculated electric
fields. The field, Ẽ( x̃, ỹ, z̃, θ, p), in the numerator in the equation above
can in principle show very large spatial variations if metal nanoparticles
are present on the active film. For this reason the averaging, denoted by
the bar, must be performed outside the f gauss -function. However, if we
choose a typical experimental setting for determination of the saturation
intensity, i.e., in the absence of nanostructures, we must set Ẽ = Ẽs . Since
this field has small spatial variations in practice, the upconversion yield
during the saturation measurement reduces to
YUCL,s

Ndπw2 Γeff
f gauss
=
cos θ
Ndπw2 Γeff
f gauss
≈
cos θ

|Ẽs |2 I
|Ẽs |2 Isat

|Ẽs |2 I
|Ẽs |2 Isat


Ndπw2 Γeff
I
=
f gauss
,
cos θ
Isat

!

!

(6.28)

which, apart from the cos θ-scaling of the beam area πw2 due to the
arbitrary angle of incidence θ, corresponds exactly to Equation (4.14)
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in Chapter 4 that was used to fit the experimental saturation curves of
Figure 4.4.
With this derivation, it is finally possible to derive an expression for
the upconversion luminescence enhancement, i.e., the ratio between the
upconversion yield in the presence and the absence of metal nanostructures on the active film. If the numerically simulated relative field is
denoted by Ẽ in the presence of nanostructures and by Ẽb in the absence
of nanostructures (subscript “b” for “background”), the upconversion
enhancement must be given by:
!,
!
|Ẽ|2 I
|Ẽb |2 I
Enhancement = f gauss
f gauss
(6.29)
|Ẽs |2 Isat
|Ẽs |2 Isat
This is equivalent to Equation (6.2) of the main text, and this is used
to calculate the model curves of Figure 6.3 on page 85. It should be
stressed that these calculations rely only on the experimental material
parameter Isat and on dielectric functions of the various materials (gold
nanostructures, TiO2 :Er upconverter, fused quartz substrate, and air)
constituting the physical system.
Absorption, light concentration, and quantum efficiency
Turning to the absorption process, we define Yabs as the total number of
absorbed photons per second. This can be calculated as an integral over
the photon-absorption rate per volume, NR12 , where the absorption rate
per Er3+ ion is
σ12 e0 cnr |E|2
R12 =
.
(6.30)
2hν
We thus find:
ˆ

Yabs =

film

R21 Ndx̃ dỹ dz̃
ˆ

!
2( Xi02 + Yi02 )
4P
dx̃ dỹ dz̃
∑ cell |Ẽ(x̃, ỹ, x̃, θ, p)| ce0 πw2 exp −
w2
i
ˆ



ˆ
2Nσ12 nr P
2( X 02 + Y 02 )
2
0 0
=
dX dY dx̃ dỹ dz̃
|Ẽ( x̃, ỹ, x̃, θ, p)|
exp −
hν∆X 0 ∆Y 0 πw2 cell
w2
ˆ
Ndσ12 nr P
1
=
|Ẽ( x̃, ỹ, x̃, θ, p)|2 dx̃ dỹ dz̃
hν cos θ ∆X∆Yd cell
Ndσ12 nr P
=
· |Ẽ( x̃, ỹ, x̃, θ, p)|2 ,
hν cos θ
(6.31)
Nσ12 e0 cnr
=
2hν

2
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where the mathematical step is similar to the procedure above for the
calculation of YUCL . It should be noted that the absorption rate is proportional to the square of the electric field inside the film, and if we define
the concentration factor Cns = |Ẽ|2 /|Ẽb |2 as the relative increase in this
squared electric field due to the presence of the nanostructures, the total
absorption rate is simply enhanced by this concentration factor.
With the upconversion yield and total absorption rate at hand, it is
now possible to calculate the internal upconversion quantum yield as the
ratio of the number of emitted upconverted photons per second to the
number of absorbed photons per second:
YUCL
hνπw2 Γeff
IUCQY =
=
· f gauss
Yabs
σ12 nr P|Ẽ|2

=

A31
Γ31

|Ẽs |2 Isat
|Ẽ|2 Ī

!

|Ẽ|2 Ī
|Ẽs |2 Isat

!
(6.32)

!

f gauss

|Ẽ|2 Ī
,
|Ẽs |2 Isat

where Eqs. (6.10) and (6.26) was used in the second step. We note that
this result has a striking similarity to Equation (4.16) in Chapter 4, which
is simply adjusted by the relative strength between the calculated electric
fields in presence of nanostructures and under the circumstances of the
calibration of the saturation intensity. We remind that the averaging over
the unit cell in the final factor must be performed outside the function
f gauss due to the nonlinear nature of the response of the Er3+ to the radiation field. Nonetheless, in practice it is possible to fit an experimentally
obtained upconversion luminescence yield on the nanostructures to a fitting
on ), where I on and A are fitting
function on the form f fit = A f gauss ( Ī/Isat
sat
parameters, see Figure 6.4 on page 89. For this reason, it is worthwhile
to consider the possibility of obtaining an approximate expression for
f gauss . Later, we shall argue that f gauss ( β) ≈ ζ f gauss ( β/ζ ) is a reasonable
approximation for a well-chosen value of ζ, where β =

|Ẽ|2 Ī
|Ẽs |2 Isat

is the

statistically distributed argument of the f gauss function. With this approximation at hand, the internal upconversion qunatum yield (IUCQY) can
be simplified to:
on
A31 Isat
IUCQY =
f gauss
Γ31 Ī



Ī
on
Isat



,

(6.33)
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where
on
Isat
= Isat ·

|Ẽs |2

|Ẽb |2

·

ζ
Cns

(6.34)

is the characteristic saturation intensity, which is lowered mainly by the
factor Cns due to the enhanced absorption and further slightly lowered
by ζ < 1 (see below) due to the nonlinear response of the upconversion
process and the distribution of |Ẽ|2 . The final factor |Ẽs |2 /|Ẽb |2 simply
accounts for the fact that background electric field Ẽb “without” the
nanostructures present and the field Ẽs during the saturation calibration
may be different due to differences in incidence angle and polarization.
Note that Equation (6.33) is identical to Equation (4.16) in Chapter 4 and
thus constituting an effectively unified description.
In the absence of nanostructures, the electric field reduces to the
background field, Ẽ → Ẽb such that Cns → 1 and ζ ≈ 1 (since the
background field is nearly uniform, see below). We then define the “off”
off = I |Ẽ |2 / |Ẽ |2 = I on C /ζ, and the exact
saturation intensity as Isat
sat s
b
sat ns
enhancement calculation from Equation (6.29) can be approximated as
Enhancement ≈ ζ

f gauss



f gauss



I



I



on
Isat

(6.35)

off
Isat

off and C 2 /ζ for I  I on .
which has the asymptotic values of Cns for I  Isat
ns
sat
Let us now justify the approximation f gauss ( β) ≈ ζ f gauss ( β/ζ ), which
led to the above simplifications. To this end, we consider the sample
P780 and calculate the exact value f gauss ( β) as a function of the incoming intensity Ī through the parameter β (defined above). The result is
shown by the red circles in Figure 6.11, an approximate expressions
should be as close to this result as possible. In comparison, the red
solid curve shows the neglect of the field distribution corresponding
to f gauss ( β) → f gauss ( β). At high intensities, this substitution is exact
since f gauss ( β) depends linearly on β in that limit, and taking the average
inside or outside the f gauss function does thus not matter. In contrast,
for very small intensities f gauss scales quadratically with β, and for this

reason f gauss ( β)/ f gauss ( β) = (|Ẽ|2 )2 /|Ẽ|4 ≡ ζ asymp when β  1. Since

the variance of |Ẽ|2 can be expressed as σ2 (|Ẽ|2 ) = |Ẽ|4 − (|Ẽ|2 )2 , the
relative standard deviation of the energy density within the film must be:
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Figure 6.11: The two panels show the same curves; on a real scale in panel (a) and
normalized to the exact function f gauss ( β) in panel (b). The different curves are:
f gauss ( β) (red circles); f gauss ( β) (red curve); ζ f gauss ( β/ζ ) with asymptotically
matched ζ = (|Ẽ|2 )2 /|Ẽ|4 = 0.38 (black curve); ζ f gauss ( β/ζ ) with a freely fitted
ζ = 0.53 (green curve); a general UCL fit A f gauss ( β/ζ ) with A = 0.48 and
ζ = 0.52 (blue curve).

σ(|Ẽ|2 )
|Ẽ|2

=

q

1
ζ asymp

− 1 ≥ 0, meaning that ζ asymp ≤ 1. Hence, f gauss ( β) must

underestimate the exact calculation f gauss ( β), which is clearly seen by
the red curve in Figure 6.11(b). The construction f gauss ( β) ≈ ζ f gauss ( β/ζ )
preserves the correct asymptotic limit when β  1 and imposes the condiζ
tion ζ f gauss ( β/ζ ) → asymp
f ( β) when β  1. Hence, by setting ζ = ζ asymp ,
ζ
the two asymptotic limits will be correctly reproduced as indicated by the
black curves in Figure 6.11. Evidently, we have in this case sacrificed an
accurate reproduction of values around the most interesting regime near
the saturation point. For this reason, the best approximation is obtained
if ζ attains a compromising value such that ζ asymp < ζ < 1. The green
curve in Figure 6.11 represents such a case, where ζ is determined as a
free fitting parameter and the relative mistake is only of the order of 10 %
in the broad vicinity of the saturation point. The blue curve represents a
slightly more free fit A f gauss ( β/ζ ) with essentially the same ζ parameter
as was obtained by the green curve. In Figure 6.4 on page 89 ζ is fitted
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to UCL enhancement data for the P780 sample using the approximate
on and I off fixed at the
enhancement expression of Equation (6.35) with Isat
sat
fitted values. A reasonable ζ-value of 0.48 within the allowed range was
found yielding a concentration factor of Cns = 32(10).

Chapter

7

Evaluation of the upconversion
model
The following chapter represents my efforts to combine the knowledge of erbiumbased upconversion, which I have developed during my PhD studies. Following
this approach, I will try to asses whether or not the general assumption of a mean
energy-transfer rate can adequately describe the dynamics.
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Chapter 7. Evaluation of the upconversion model

Introduction

In the last three chapters, we have reported on extensive development of
our theoretical understanding of the upconversion of 1500 nm to 980 nm
light in trivalent erbium ions both with and without employing photonic
enhancement. To test the limits of our model, we still suffer from the fact
that we are not able to measure the absorption strength of our upconverters and from this several essential rates in the upconversion process. This
obstacle prevents us from computing the internal upconversion quantum
yield (IUCQY) and from calculating the energy-transfer-upconversion
(ETU) rate, Wetu , directly through the Förster formula stated in Equation (2.1) on page 11. However, there are several measurements, which
we can conduct to test our upconverters, and by combing these, we can
test our model.
Let us start by reiterating what we have discovered so far, which we will
use in the following. We consider a monochromatic gaussian laser beam
with intensity I (r ) and beam area πw2 incident on a bare upconverter
sample at an angle θ. The upconverter is assumed to have a thickness d
much smaller than the absorption length of the erbium ions in the film at
the given concentration level, N. In the steady-state regime, from a slight
modification of the result derived in Section 6.G of Chapter 6, we find
the upconversion luminescence (UCL) yield, YUCL , the total absorption,
Yabs , and the IUCQY to be given by
YUCL

Ndπw2 Γeff
f gauss
=
cos θ

!
|Ẽb |2 Ī
,
|Ẽs |2 Isat

Ndσ12 nr P
· |Ẽb |2 ,
hν cos θ
!
A31 |Ẽs |2 Isat
IUCQY =
f gauss
Γ31 |Ẽb |2 Ī
Yabs =

!
|Ẽb |2 Ī
,
|Ẽs |2 Isat

where | Ẽ| still describes the relative electric-field amplitudes in the upconverting film normalized with respect to the amplitude of the incoming
electric field, | Ein |, but now it is only varying due to thin-film interference.
Γeff is an amplitude factor defined in Equation (6.10) on page 100, Ī is the
characteristic intensity in the experiment given by P/πw2 , where P is the
total power of the excitation laser, and Isat is the saturation intensity de-
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fined in Equation 4.6 on page 36. σ12 is the absorption cross section from
the ground state to the first excited state, and lastly, the ratio A31 /Γ31
is the quantum efficiency describing the probability that an erbium ion
in the second excited state relaxes by emitting a photon. The incoming
number of photons, Yin , are given by P| Ẽin |2 /hν, where we have added
unity in the form of the relative electric-field amplitude of the incoming
laser for reasons, which will be clear later. The absorption probability,
pabs , is then given by
pabs =

| Ẽb |2 nr
Yabs
= Ndσ12
.
Yin
| Ẽin |2 cos θ

(7.1)

We can interpret this result as the normal probability of photon absorption
Ndσ12 being adjusted by a concentration factor, Cfilm , due to thin-film
interference and given by
Cfilm =

| Ẽb |2
.
| Ẽin |2 cos θ

(7.2)

In the case with photonic structures on the upconverter surface a further concentration of Cns = | Ẽ|2 /| Ẽb |2 must be multiplied to Cfilm to
account for the total enhanced absorption process, which accounts for the
electric-field concentration due to nanostructures as shown in [8]. The
external upconversion quantum yield (EUCQY) defined as the ratio of
the upconverted photons, and the number of incident photons is then
given by
EUCQY = IUCQY · pabs

A
≈ Cfilm · Ndσ12 31
Γ31

|Ẽs |2 Isat
|Ẽb |2 Ī

!
f gauss

|Ẽb |2 Ī
|Ẽs |2 Isat

!
.

(7.3)

Notice here that we can now compute the volume averaging inside the
f gauss function since the electric field variations are only minor without
any photonic structures on the surface of the upconverter as explained in
Section 6.G.
Extensive work on determining upconversion parameters of erbiumbased β-NaYF4 has been done in the group of Jan C. Goldschmidt at
Fraunhofer ISE, especially by the now-graduated PhD student Stefan
Fischer. In a lack of better options, let us assume that the radiative-decay
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constants, A21 and A31 , denoted Einstein coefficients in our TiO2 :Er upconverters are similar to the radiative-decay constants in the upconverters
investigated by Fischer [71]. In appendix A of Fischer’s PhD thesis [71],
the Einstein coefficient are given A21 = 113.9 / sec and A31 = 149.7 / sec,
respectively. From these, we can compute the absorption cross section
using the formula [35]

σij (ν) =

λ2 A21
S(ν)
8πn2r

(7.4)

where nr is the real part of´the refractive index and S(ν) is the lineshape
function defined such that S(ν)dν = 1. A Gaussian function centered at
1525 nm and a full width at half maximum (FWHM) of 90 nm reasonably
describes the lineshape of the absorption profile of the 1 → 2 transition
with a peak value of approximately 8 × 10−14 Hz−1 ; see Figure 4.3 in[71].
With these parameters at hand we can compute the absorption cross
section σ12 at resonance from Equation (7.4) to 3.8 × 10−21 cm2 . We have
to be careful when translating this value to a corresponding absorption
cross section of our host. We cannot just plug in the refractive index of
our TiO2 :Er upconverters into Equation (7.4) since the Einstein coefficient
A21 also depends on the refractive index and differently depending on
whether the transition is driven by an electric or magnetic dipole [29].
However, since we are only seeking an estimate, we choose to assume an
identical cross section in our sample and only consider the change due
to off-resonance excitation at 1500 nm. With this, the absorption crosssection in our sample is σ12 = 3.1 × 10−21 cm2 , and the absorption length
α−1 = ( Nσ12 )−1 = 0.7 mm, where we have used the erbium concentration
in our upconverters at 4.9 × 1021 cm−3 computed from the 5.1 at.% concentration of the sputtering target. If we compare the absorption length
with the thickness, d, of the thin-films I have investigated of 320 nm, the
struggles, which I have faced in detecting an absorption signal, should
become clear.
In the next section, we will check how well our theoretical expression
for the EUCQY (Equation (7.3)) agrees with measurements where we will
have to rely a bit on the work conducted by Fischer and collaborators.
However, we will start by evaluating the results of the experiments, which
we can perform to examine our upconverters.
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Figure 7.1: Normalized decay curves of the 977 nm (blue) and 1500 nm (red)
luminescence from the first and second excited state, respectively. The TiO2 :Er
upconverter is excited with a short 800 nm-wavelength laser pulse resonant with
the ground to a third excited state transition. The decay curves have been fitted
to decay models described in the text and plotted with solid black curves.

7.2

External upconversion quantum efficiency

We can gain information about the upconversion process from timeresolved luminescence-decay measurements. Especially, the decay rates
Γ21 and Γ31 from the first and second excited states, respectively. These are
included in the rate-equation model stated in Equation (4.2) on page 35.
Moreover, I remind the reader that the lifetime, τ, of an excited state,
is given by the inverse of the decay, and in Section 4.E we have argued
that the upconversion luminescence (UCL) yield, YUCL is proportional
to the product of these lifetimes on the basis of the rate-equation model,
which we have experimentally verified as seen in Figure 5.5 on page 70.
In conclusion, the decay rates Γ21 and Γ31 are crucial in understanding
the dynamics of an erbium-based upconverter.
WWe conduct the time-resolved measurements using an approximately 1 ps-pulsed Ti:sapphire laser with a center-wavelength of 800 nm
exciting the erbium ions to the third excited state, and subsequently
monitoring the luminescence at 977 nm and 1535 nm from the first and
second excited state, respectively. The normalized decay curves are
shown in Figure 7.1. The decay at 1535 nm from the first excited state
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are nicely fitted with a "single-exponential-with-rise" model on the form
f (t) = (1 − Ar exp(− gr t)) Ad exp(− gd t). The reason that we observe a
rise at the beginning of the decay curve is relaxation from the third excited
state, which we populate with the laser, to the first excited state that needs
to occur before any luminescence can be detected. The decay constant Γ21
is then equal to the fitted gd constant. Contrary, the decay at 977 nm from
the second excited state is well fitted by a "bi-exponential-decay" model on
the form g(t) = A1 exp(− g1 t) + A2 exp(− g2 t). We would also expect a
rise in the decay curve here for the same reason as just described for the
first excited state. The lack of a rise here is probably due to the direct population of the second excited state by the laser due to its broad linewidth.
Moreover, the bi-exponential decay indicates that two different ensembles
of erbium ions exist in the sample with different decay channels, since
one of the terms contributes significantly more to the luminescence, we
choose this term to determine the decay constant Γ31 since it describes
the decay of the majority of the erbium ions in our upconverter. The
decay constants have hereby been determined to: Γ21 = 4.30(4) × 103 s−1
and Γ31 = 1.04(1) × 104 s−1 , respectively.
If we use the Einstein coefficients measured by Fischer, we can determine the quantum efficiencies of light emission from the first and second
excited states through the formula A ji /Γji. As a result of this, we obtain
a discouragingly small result at only a few percent for both levels. The
low quantum efficiencies indicate that significant nonradiative relaxation
channels are present in our upconverters, which we also discussed in
Chapter 5. In a recent review paper [8], we also determined the quantum
efficiency of core-shell nanocrystals of β-NaYF4 :Er, similar to the particles
studied by Fischer, with a value of around 75 % in the first excited state
and about 10 % in the second excited states. The above analysis directly
shows why NaYF4 is a better host material for erbium ions although
improvements certainly also need to be done in this host especially on the
quantum efficiency of the second excited state, which implies that only
one-tenth of the erbium ions successfully excited to the second excited
state will relax by emitting an upconverted photon of 980 nm.
It should be clear by this point that we can also learn a lot about an upconverter by conducting excitation-intensity-dependence measurements,
and with this, determine the saturation intensity as we have thoroughly
discussed in Chapters 4 and 6. We have determined the saturation intensity at normal incidence to 40(11) W cm−2 for our 320 nm-thick TiO2 :Er
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upconverter by exciting the upconverter with at 1500 nm-wavelength
continuous-wave (CW) laser and attenuating the excitation intensity with
neutral-density (ND) filters to fix the laser-beam area. From this, we can
completely describe how the UCL yield varies with excitation intensity,
but the absolute value is still arbitrary due to unknowns in the collection
efficiency of the measurement and the number of excited ions in the
upconverter. However, by careful calibrating the intensity-dependence
measurements to an EUCQY measurement at a well-chosen excitation
intensity, we can rather easily obtain the EUCQY in a large range of
excitation intensities. The EUCQY measurement is conducted with the
same experimental conditions as the intensity-dependence measurements
to avoid discrepancies in the electric field in the background and saturation measurement entering in Equation (7.3). The measurement is
carried out in an 150 mm-integrating sphere to account for the collection
efficiency, and the measured signal is calibrated to absolute numbers
by a reference measurement using a 980 nm diode laser. By measuring
the power entering the integrating sphere in the reference measurement,
we can determine a signal-to-energy conversion factor, which can subsequently be converted to the number of photons using the Planck formula
E = hc. In this way, we have determined the EUCQY to 1.5 × 10−6
at an excitation intensity of 406 W cm−2 . Using this EUCQY, the UCL
intensity-dependence measurements are calibrated to show EUCQY on
the vertical scale and plotted in Figure 7.2 with the measurement plotted
in red points, the fit in the solid black curve and the red vertical dotted
line indicating the determined saturation intensity. If we now use the
absorption cross section and radiative decay constants from Ref. [71], we
can test our theory by calculating the EUCQY using Equation 7.3 where
the ratio | Ẽ|2 /| Ẽb |2 is now unity since the saturation intensity is determined at the same experimental condition as the EUCQY measurement.
The red dashed curve in Figure 7.2 is obtained in exactly this way, where
we observe an astonishingly good agreement between our measurement
and the theoretical prediction with only 20 % deviation over three orders of magnitude in excitation intensity. The radiative decay rates and
the absorption strength in our upconverters will be different from the
values found by Fischer, and the agreement between measurement and
theory might not be as good as we show in Figure 7.2. However, the
assumption that the absorption strength of erbium ions are similar in
different host materials is rather good. The reason for this lies with the
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Figure 7.2: EUCQY plotted as a function of excitation intensity. UCL intensity
dependence measurement is calibrated to EUCQY using a reference measurement. The Solid black curve is a fit to the intensity dependence measurement
yielding the saturation intensity indicated with the vertical dashed red line.
The dashed red curve shows the theoretical EUCQY determined by the use of
Equation (7.3) by using the measured decay rate and saturation intensity and
absorption cross section and Einstein coefficients from [71].

strength of the transitions only being similar to a magnetic-dipoles driven
transition. And there are no apparent reasons for magnetic-dipole driven
transitions should be much different in another host material since these
transitions are allowed and hence do not depend on crystal-field symmetries. The deviations must, therefore, be minor, and we are hence able to
give experimental support to the developed rate-equation model, which
demonstrates our good understanding of the upconversion dynamics in
erbium-based upconverters.

7.3

The energy-transfer rate

A fundamental assumption in all of this work, which we have not questioned or found direct evidence for in the literature, is that we can treat
the Wetu on average assuming an effective ionic separation between all
erbium ions in our upconverters even though, the rate is heavily dependent on the interionic distance see Equation (2.1) on page 11. We
assume a uniform distribution of the erbium ions in our TiO2 thin films;
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ideally, such that all ions have equal distance to its nearest neighbor. In
reality, however, there will be a distribution of the separation between erbium ions, which probably will be peaked around a characteristic length
but still with some variations. This variation will be more substantial
when we consider the distribution of distances between excited ions after
exciting the upconverter with an external light source. Also affecting
this assumption, which we have not taken into account, is the effect of
energy migration by energy transfers. Energy transfer does not only
occur between excited ion but can also occur between an excited and a
ground-state ion likely with a higher rate since the energy-overlap integral is probably larger when the difference is solely due to the Stokes shift
between the absorption and emission process, respectively. We cannot
account for this since our model only describes the average of the erbium
ensemble, and this process does not change the number of ions in any
of the involved states; one excited ion relaxes to the ground state while
simultaneously a ground-state ion is excited hence no net change.
Nevertheless, the energy transfer between excited and ground-state
ions will facilitate energy migration, and if efficient, the process can
couple the entire erbium population together, which would make our
assumption of an average ETU parameter suitable. This coupling of the
whole erbium ensemble is, however, not necessarily beneficial for the
upconversion yield since it will also effectively couple erbium ions to
quenching sites in the host crystal, the effect of this is one of the main
drivers in the phenomena of concentration quenching [148].
Similarly, to the EUCQY comparison, we can compute the Wetu rate
directly by using measured and borrowed parameters from [62]. We
will do so through the saturation intensity defined in Equation (4.6) on
page 4.6 in Chapter 4. By inverting this equation in terms of Wetu we
obtain
hνΓ221 (Wcr + Γ43 )
8σ12 Isat Γ43
hνΓ221
≈
8σ12 Isat

Wetu =

(7.5)

where we have assumed that Γ43 are significantly larger than the crossrelaxation, Wcr rate, this is probably a decent approximation due to the
sizeable multiphonon relaxation occurring between the third and second
excited states. Moreover, this assumption will underestimate Wetu , which
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is all we need to asses how strong the coupling between the ions is in
our upconverters. In doing so, we obtain Wetu = 2.5 × 106 s−1 , which is
at least two orders of magnitude larger than any of the rates in our rateequation model, which we have measured or taken from other parties.
Our approximation of an average Wetu parameter is hence valid since the
erbium ions are well-coupled due to a suspected significant amount of
energy migration due to energy-transfer in our upconverters.
Another way to quantize the degree of coupling between erbium
ions through energy transfer is by the mean distance. Since we believe
the erbium ions are uniformly distributed in our upconverters, a natural
starting guess for the characteristic range, R, in the energy transfer process
is given by the relation R = ( N )−1/3 ≈ 6 Å. If the coupling is stronger
in our samples, we expect the effective separation, Reff to be shorter. By
inverting the Förster rate given in Equation (2.1) on page 11 in terms of
the ionic distance we obtain

R6eff

4π
=
3h̄



1
4πe0 n2r

2

1
| µD |2 | µA |2
Wetu

ˆ
gD ( E) gA ( E)dE,

(7.6)

where µ is the transition-matrix element with the subscript, D and A,
referring
to the transition of the donor or acceptor ion, respectively,
´
and gD ( E) gA ( E)dE the overlap integral of the normalized lineshape
of the emission and absorption process, respectively. We can determine
the effective ionic separation, if we also take the value of the overlap
integral from [71], to roughly 4 Å in agreement with the hypothesis of a
smaller effective ionic separation. It is difficult to determine whether this
difference is big enough to conclude that the coupling among erbium ions
in our case is strong. In hindsight, we could argue that the characteristic
ionic separation might not be the best comparison in the first place
since it is the distance between excited ion we should compare, and not
the separation of ions in general. Also, since Wetu depends on ionic
separation to at least the inverse sixth power, the minor difference in the
characteristic and effective distance still amounts to more than an order
of magnitude change in Wetu . In conclusion, the hypothesis of strong
coupling of the erbium ions in our upconverters is probably correct;
however, more empirical evidence is required.
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An experiment to study the energy-transfer rate
Unfortunately, we have not been able to corroborate this assumption
ourselves. But we have a proposal for an experiment to determine the ETU
rate, which we, regrettably, have not been able to verify experimentally
due to difficulties occurring with the extremely short-pulsed laser we
have available. To see how we must re-state the rate equations from
Chapter 4
I
dρ1
= − σ12 + Γ21 ρ2 + Γ31 ρ3 + Wetu ρ22 − Wcr ρ4 ,
dt
hν
I
dρ2
= + σ12 − Γ21 ρ2 − 2Wetu ρ22 + 2Wcr ρ4 ,
dt
hν
dρ3
= − Γ31 ρ3 + Γ43 ρ4 ,
dt

(7.7)

dρ4
= − Γ43 ρ4 + Wetu ρ22 − Wcr ρ4 .
dt
We now seek a full time-dependent solution to ρ2 (t) after exciting the
upconverter with a pulsed laser resonant with the 1 → 2 transition. We
are hence not looking for the steady-state solutions, and therefore, have
to solve the full differential equation. We assume the laser pulse to make
an abrupt excitation of the erbium ions such that a fraction of ions, ρ2 (0),
are excited to the first excited state, and the rest of the ions remain in
the ground state. Moreover, we do not consider second-order processes
affecting the population of the second excited such as ions further excited
by energy transfer, subsequently relaxing back to the second excited state.
With these initial conditions and assumptions, the differential equation
for the second excited state is given by
ρ˙2 = −2Wetu ρ22 − Γ21 ρ2 ,

(7.8)

where we immediately notice that the differential equation is uncoupled.
We can, therefore, quickly solve it by utilization of a trick: "multiplying
with the integrating factor". With this, we obtain a solution for the decay of
the second excited state after direct excitation given by
ρ2 ( t ) =

ρ2 (0) exp(−Γ21 t)
.
2ρ2 (0)Wetu
[1 − exp(−Γ21 t)] + 1
Γ21

(7.9)
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Figure 7.3: Comparison of the difference between a single-exponential-decay
model and the "single-exponential-with-ETU" model proposed. The single
exponential is plotted in a black solid curve while the red, green, and blue
curves are the single-exponential-with-ETU plotted with η in descending order
as described in the legend.

Here, we get a modified single exponential decay, depending on the
relative strength of the decay and the energy transfer. In Figure 7.3, I
have plotted the decay model with varying η = 2ρ2 (0)/Γ21 value to
show the difference between this decay and a single exponential decay.
We observe a clear distinction to the standard single-exponential decay
if η are on the order of unity or larger. The question is then whether
or not it is possible to pump an upconverter with modern-day pulsed
lasers such that η can reach this value? To answer this question, we note
that η depend on both the ratio Wetu /Γ21 and the initial occupation level
ρ2 (0). We know from the previous section that the ratio is on the order
of 100 to 1000, but we have not yet considered the excitation level, which
still might be very low. The excitation level can be calculated by σI/hν,
where the characteristic intensity, I, of a pulsed laser given by I = E/A∆t
with E the pulse energy, A the beam area, and ∆t the pulse duration. A
quick calculation shows that the desired excitation level can easily be
achieved even with an unfocused nanosecond laser; hence, the proposed
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experiment is certainly a viable and interesting method to investigate the
Wetu rate.
In a proof-of-principle measurement, we have observed the decay
curve of the first excited state of trivalent erbium after direct excitation to
be better fitted by this type decay model compared to other typical decay
models such as single, and bi-exponential decay models. However, the
amount of data was not sufficient to make a quantitative assessment of
Wetu , and since then, we have not been able to carry out the experiment
successfully. The difficulties in this measurement lie with the fact that we
seek to pump and measure on the same transition. When doing so, we
need to be very careful not to damage the sensitive detectors in our case,
a photo-multiplier tube (PMT). Protecting the sensors can be achieved
by utilizing the typical stokes shift between the absorption and the emission process. In practice, we have redshifted the excitation wavelength
compared to the detection wavelength and used several optical filters
on the laser and the detector to protect the PMT further. However, the
broad linewidth of an ultra-short Ti:sapphire lasere1 complicates this task
significantly since it is challenging to eliminate the tail of the laser, which
extends into the detection wavelength. With a less short-pulsed laser
in the pico to nanosecond range, the linewidth would be significantly
shorter, and it would be way easier to separate the emission from the
excitation.

1 We are here using a optical-parametric amplifier to tune the wavelength to 1500 nm.
We are thus forced to use the compressed pulse length of the Ti:Saphire laser of about
35 fs opposed to of the stretched length of approximately 1 ps used for 800 nm excitation

Chapter
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Co-author publications
In this chapter, I will briefly introduce the publications I have contributed to,
which does not form part of this thesis and explain my exact involvement.
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Co-author publication IV
Plasmonically enhanced upconversion of 1500 nm light via trivalent Er in a TiO2
matrix [4] is the very first publication in the SunTune project, where we
presented a comparative experimental-simulation study of the upconversion enhancement in trivalent erbium by randomly placed gold nanodiscs.
We fabricated thin-films of TiO2 :Er by radio-frequency magnetron sputtering with electron-beam lithography produced gold nanodiscs placed on
top at varying concentration and disc diameter. Upconversion enhancement measurement was compared with a single-particle model assuming
cubic dependence of the upconversion luminescence (UCL) with the
electric field. We found a decent agreement between measurements and
model with a maximum seven-fold UCL enhancement.
My contribution to the article was to conduct the UCL measurements
and participate in interpreting the result.

Co-author publication V
Improving the efficiency of solar cells by upconverting sunlight using field enhancement from optimized nanostructures [5] is a review paper explaining
the SunTune goal and the initial activities. It was a collaboration of all
members in SunTune incorporating manufacturing, of upconverting thin
films by magnetron sputtering production of gold nanostructures by EBL
techniques, electric-field calculation, nanostructure design by topology
optimization, and UCL measurement and rate-equation modeling.
My contribution to the publication was to write the section about rateequation modeling and upconversion luminescence measurements.

Co-author publication VI
Resonant plasmon-enhanced upconversion in monolayers of core-shell nanocrystals: Role of shell thickness [6] represents our efforts in moving to another
host material – upconverting nanoparticles of β-NaYF4 :Er. We investigated the role of incorporating a chemically inert shell of NaLuF4 , which
is known to passivate quenching by surface defects limiting the external
upconversion quantum yield (EUCQY) of upconverting nanocrystals. We
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found improvements in the UCL yield by increasing the shell thickness up
to 10 nm. Moreover, we investigated UCL enhancement of gold nanodisc
carefully tuned to have plasmon resonance at 1500 nm, which resulted in
a moderate five-fold enhancement of the UCL yield.
My contribution to this publication was in analyzing and creating the
figures for the time-resolved luminescence.

Co-author publication VII
Thermal enhancement and quenching of upconversion emission in nanocrystals
[7] is the fruit of my research stay in the group of Professor Andries
Meijerink at the Debye Institute for Nanomaterials Science in Utrecht,
the Netherlands. Increasing the temperature usually quenches the UCL
through increased multiphonon relaxation. Naturally, it caught the attention of my project partner dr. Zijun Wang and me, when we heard of a
result, reported on thermal-enhanced UCL in upconverting nanoparticles.
The mechanism was still debated, which made it a suitable project for
us. We did extensive experimental investigation on bulk material and
nanocrystals of Na(WO4 )2 :Er-Yb, where we managed to reproduce the
thermal enhancement accompanied by lengthening of the luminesce decay times. The thermal enhancement showed good reproducibility in
cycling experiments, and by testing enhancement, in different gaseous
environments we were able to show that the increase in UCL yield is due
to evaporation of adsorbed water, which provided a quenching pathway.
My contribution to this paper was to aid in fabricating the nanoparticles.
Moreover, I conducted a significant part of the steady-state and all of the
time-resolved measurements and analyzed the results.

Co-author publication VIII
Improving the efficiency of upconversion by light concentration using nanoparticle design [8] is a review paper reporting on the results of the SunTune
project. We introduce the developed understanding and relate it to our
achievements as well as state-of-the-art research reported in the field.
The paper includes developments in all of the aspects of the SunTune
projects such as upconverter fabrication, production of nanostructures,
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topology-optimization and finite element modeling, electric field mapping, upconversion measurements, and modeling by rate equations.
My contribution to the review paper was in participating in writing large
parts of Sections 2 and 6.

Co-author publication IX
Simple synthesis of PbS Nanoparticles with highly tunable downshifting properties [9] represent the most promising results in downshifting, conducted
by a master student I co-supervised. We reported on a simple synthesis
of PbS nanoparticles with excellent size control. We demonstrated the
tunability of the emission wavelength enabling the concentration of solar
radiation in the absorption band of erbium ion, though with a poor
external quantum efficiency.
My contribution was to do the spectral calibration of the experimental
setup and to contribute with optical measurements and analysis.
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Summary and Outlook
In this chapter, I will summarize the work presented in this thesis. I will state the
scientific questions put forward, to which I will give the results and conclusions
that I have obtained during my PhD studies. I will then dwell a bit into what I
could have done differently had I had the opportunity to start all over, with the
knowledge that I have now obtained, which naturally leads to an outlook of the
work.
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Solar power is an excellent source of renewable energy with great potential for upscaling due to the enormous amount of energy we receive
each day from the sun at the surface of the earth. The installment of solar
panels has sky-rocketed since the mid-1990s resulting in extraordinarily
low cost of a solar panel, resulting in the installation to amount to a
significant fraction of the total cost. To expand the uses, even more, it is
thus necessary to optimize the efficiency of the solar cell. However, the
efficiency of silicon-based solar cells is approaching the theoretical limit
(SQ limit) set by a mismatch between the intrinsic band gap and the solar
spectrum. And there is not much more to gain from using another material with a different band gap since a trade-off occurs between the two
spectral loss mechanisms and the band gap with the band gap of silicon
close to the optimum value. These two spectral losses are thermalization
and transmission losses. Thermalization losses are heat loss occurring for
the absorbed high-energy photons when relaxing to the conduction band
minimum, and transmission losses the loss associated with low-energy
photons not having enough energy to bridge the band gap and thereby
be absorbed.
In this PhD project, I have studied a process potentially able to lower
the transmission losses by tuning the solar spectrum towards the band
gap of silicon through a process called upconversion. Upconversion is the
process of combining two or more low-energy photons to one of higher
energy. Upconversion can hence be utilized to optimize photovoltaics by
upconverting some of the below-band-gap photons in the solar spectrum
into photons with adequate energy to be absorbed in a silicon-based solar
cell. I have mainly investigated the 1500 nm to 980 nm-upconversion
process by trivalent erbium ions doped into thin films of TiO2 . Upconversion has been known since the 1960s; hence, the challenge is to achieve
sufficient efficiency for applications. In the SunTune project, we have
mainly focussed on concentrating the electromagnetic radiation field at
the erbium ions spacially using nano-optical enhancement, as a result of
this, utilizing the nonlinear nature of upconversion.
We have constructed a simplified REM for the 1500 nm to 980 nm upconversion in trivalent erbium ions with analytic solutions. By considering
the experimental conditions relevant for our upconverters, and the order
of magnitude of the upconversion rates taken from the literature, we have
been able to construct the simplified REM, which can adequately describe
the upconversion excitation-intensity dependence over almost four orders
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of magnitudes in excitation for four fundamentally different upconverters.
Through the model, a new material parameter – the saturation intensity – is introduced, which has proven to be an excellent measure of the
upconverter quality and a benchmark to quantify whether an upconverter is sufficiently efficient for photovoltaic applications. Moreover, the
saturation intensity provides a tool to study the critical energy-transfer
processes at play in lanthanide-based upconversion. Finally, we have
been able to argue that the reason our TiO2 -based upconverters are less
efficient compared to NaYF4 -based upconverters is mainly nonradiativerelaxation channels limiting the quantum efficiency.
We have investigated how the fabrication of our main upconverting
material TiO2 :Er by radio-frequency magnetron sputtering affects the
upconversion-luminescence (UCL) yield. Specifically, we have investigated the effect of the deposition and annealing temperature with and
without pre-exposure to ambient air. Through the study, we have observed that generally, the UCL yield increases with increasing deposition
temperature up to 350 ◦C and that post-annealing usually quenches the
UCL yield except at low deposition temperature in unexposed samples.
We have observed the decreasing UCL yield to be accompanied by the
opening of nonradiative decay channels. We believe the opening of these
nonradiative decay channels is due to energy-transfer from the erbiumexcited states to defects in the TiO2 matrix with oxygen vacancies being a
promising candidate.
We have seen a considerable drop in the UCL yield of the optimally
produced upconverter only by post-annealing in the sputtering chamber at the same temperature and atmosphere. This investigation clearly
shows, that TiO2 is less than ideal as a host matrix for erbium ions, which
goes far beyond the higher phonon energies of oxides.
We have reported on an extensive study of photonic-enhanced upconversion by depositing tailored gold nanostructures on top of upconverting
thin films. We have fabricated the nanostructure designs in gold on top
of our thin-film upconverters and measured the UCL enhancements exhaustively and compared it to an extension of the REM model, in which
we have incorporated the effects of photonic concentration. We have
observed a qualitative agreement with the developed model.
All fabricated structures showed a significant level of saturation of
the UCL yield by lowering the excitation intensity, indicating that we
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could obtain even higher UCL enhancement. This result led us to a
further investigation of the excitation dependence of the UCL yield of
the best performing phonic-enhanced upconverter at the optimal experimental conditions. From this investigation, we were, to our surprise,
also able to extract an on-structure saturation intensity. Through additional extensions of the REM, we were able to explain this observation,
which also provided us with the means to determine the concentration
of the mean EM energy density inside our upconverting films. Together
with the saturation intensity, this allowed us to asses the applicability of
photonic-enhanced upconverters for enhancing photovoltaics. We were
left with the conclusion that the absorption of erbium-based upconverters
must be increased for an adequate quantum efficiency for real-world
applications. Only then will the off-structure saturation intensity become
low enough for a feasible photonic concentration to drive the efficiency
of upconverters up to relevant values for solar cells at realistic excitation
conditions.
We have tested the developed REM through extensive measurements on
a single upconverter, exploring all facets of its performance, determining
rate-equation parameters such as the decay rates of excited states and the
saturation intensity. From these parameters and further by assuming a
similar absorption cross section and radiative decay rates in our sample
as reported in the literature, we have computed the theoretical estimated
external upconversion quantum yield (EUCQY) at arbitrary excitation
intensities. Through a carefully measured EUCQY and the saturation
intensity, we have determined EUCQY over a wide dynamical range,
which is in excellent agreement with the theoretical predictions.
Moreover, we have considered the applicability of the assumption
that we can treat energy-transfer for the entire erbium ensemble in our
upconverters with an average rate. This premise is reasonable; if the
coupling by energy-transfer between erbium ions is efficient, such the
energy can migrate easily. Again by assuming that we can use the
absorption cross section found in the literature, we have calculated the
energy-transfer rate as well as the effective ionic separation, both of which
indicate strong coupling of the erbium ions in our upconverters.
Finally, we have proposed a time-resolved photoluminescence measurement from which the energy-transfer rate can be investigated. By
solving the full REM under specific initial conditions, we have obtained
an analytic solution for the decay of the first excited state, which includes
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the energy-transfer rate. Due to the broad linewidth of the pulsed laser
available to us, we have not succeeded in extracting reliable quantitative
information of the energy-transfer rate; however, the measurement should
be accessible by using pulsed pico or nanosecond laser instead.
We are now in a position to discuss what I could have done differently.
Generally, I have had two main challenges in my PhD project. Firstly,
the low absorption of trivalent erbium ions and the thin thickness of
the upconverting films studied, have prohibited me from measuring the
absorption cross section of the erbium transitions, from which almost all
the rate-equation parameters can be determined. And secondly, the host
material TiO2 has proven to be less than ideal, since several nonradiative
relaxation channels are present, which is heavily dependent on the doping
concentration of erbium, making it infeasible to study the concentration
dependence. Both of these challenges suggest that I should have gone for
other host materials. If we take a look in the literature, candidates such
has NaYF4 , Gd2 O2 S, and BaY2 F8 stands out with high reported IUCQY
and EUCQY. We must, however, keep in mind, where our expertise
lies, which is in the optical measurements and modeling, and not the
fabrication/synthesis of materials. Hence, sticking to the magnetron
sputtering was probably the right choice, though we could and probably
should have tried to magnetron sputter with another host material.
Together with a Bachelor student, I have tried to magnetron sputter
NaYF4 doped with erbium, where we were able to obtain a UCL signal, although minuscule. Extensive characterizations also showed the
crystal structure and stoichiometry not being consistent with the desired
β-NaYF4 . In hindsight, we should probably have gone for a host material which i) has successfully been magnetron sputtered before and
ii) can have trivalent erbium ions directly substituted into its matrix. A
promising candidate for this is Al2 O3 since the aluminum in Al2 O3 has
the desired valence state, it should, in principle, be possible to directly
substitute erbium ions with the aluminum without causing defects due
to charge compensation. Such an approach would probably allow an
investigation of the upconversion dependence on the erbium concentration. However, since we would then still be using an oxide host with a
high multiphonon-relaxation rate leading to low IUCQY, and moreover,
the sputtering rate of Al2 O3 will probably be similar to that in TiO2 ;
hence, the thickness of the films, we could produce, would still be limited,
resulting in the absorption cross section being unmeasurable.
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Another possibility would have been to start a collaboration with a
research group that could fabricate the upconverters, while we could
focus on the optical measurements and modeling. It would certainly
have been exciting to investigate, how well our model agrees with the
measurements on state-of-the-art upconverters, where we would be able
to determine all the required rate-equation parameters.
Let me now take a step back and evaluate where this research field is
going; it is undoubtedly still an open question if upconverters will reach
sufficient efficiency for enhanced solar-cell devices to see the light of
day. Based on my addition to the field, the prospects do not look good,
but you never know what will come out of the increased interest and
thereby funding. If we solely focus on erbium ions as the upconverting
material, my opinion is that new ways to facilitate the electric-dipole
transitions are needed to increase the absorption significantly. Otherwise,
the absorption will continue to be way too low for any cost-efficient
device. A way to facilitate higher electric-dipole moments could be
through well-engineered host matrices with strong crystal-fields of right
symmetry. Whether or not this is possible, only the time can tell. But no
matter what, I see a promising future for the field of luminescence rareearth ions if not in the field of photovoltaics, then in the vast application
range such as bio-imaging, nanothermometry, anti-counterfeiting, and
many more.

Bibliography
[1]

J. Christiansen, H. Lakhotiya, E. Eriksen, S. P. Madsen, P. Balling, and
B. Julsgaard, “Analytical model for the intensity dependence of 1500 nm
to 980 nm upconversion in Er3+ : A new tool for material characterization,”
Journal of Applied Physics, vol. 125, no. 4, p. 043106, 2019.

[2]

H. Lakhotiya, J. Christiansen, J. L. Hansen, P. Balling, and B. Julsgaard,
“Upconversion luminescence from magnetron-sputtered Er3+ -doped TiO2
films: Influence of deposition- and annealing temperatures and correlation
to decay times,” Journal of Applied Physics, vol. 124, no. 16, p. 163105, 2018.

[3]

J. Christiansen, J. Vester-Petersen, S. Roesgaard, S. H. Møller, R. E. Christiansen, O. Sigmund, S. P. Madsen, P. Balling, , and B. Julsgaard, “Strongly
enhanced upconversion in trivalent erbium ions by tailored gold nanostructures: toward high-efficient silicon-based photovoltaics,” submitted to:
Solar energy Materials and Solar Cells, oct 2019.

[4]

H. Lakhotiya, A. Nazir, S. P. Madsen, J. Christiansen, E. Eriksen, J. VesterPetersen, S. R. Johannsen, B. R. Jeppesen, P. Balling, A. N. Larsen, and
B. Julsgaard, “Plasmonically enhanced upconversion of 1500 nm light via
trivalent Er in a TiO2 matrix,” Applied Physics Letters, vol. 109, no. 26,
p. 263102, 2016.

[5]

P. Balling, J. Christiansen, R. Christiansen, E. Eriksen, H. Lakhotiya,
M. Mirsafaei, S. Møller, A. Nazir, J. Vester-Petersen, B. Jeppesen, P. Jensen,
J. Hansen, S. Ram, O. Sigmund, M. Madsen, S. Madsen, and B. Julsgaard,
“Improving the efficiency of solar cells by upconverting sunlight using
field enhancement from optimized nano structures,” Optical Materials,
vol. 83, pp. 279–289, 2018.

[6]

H. Lakhotiya, A. Nazir, S. Roesgaard, E. Eriksen, J. Christiansen, M. Bondesgaard, F. C. J. M. van Veggel, B. B. Iversen, P. Balling, and B. Julsgaard,
“Resonant plasmon-enhanced upconversion in monolayers of core–shell
nanocrystals: Role of shell thickness,” ACS Applied Materials & Interfaces,
vol. 11, no. 1, pp. 1209–1218, 2018.

137

138

Bibliography

[7]

Z. Wang, J. Christiansen, D. Wezendonk, X. Xie, M. A. van Huis, and
A. Meijerink, “Thermal enhancement and quenching of upconversion
emission in nanocrystals,” Nanoscale, vol. 11, no. 25, pp. 12188–12197,
2019.

[8]

S. Madsen, J. Christiansen, R. E. Christiansen, J. Vester-Petersen, S. H.
Møller, H. Lakhotiya, A. Nazir, E. H. Eriksen, S. Roesgaard, O. Sigmund,
J. S. Lissau, E. Destouesse, M. Madsen, and P. Julsgaard, Brian amd Balling,
“Improving the efficiency of upconversion by light concentration using
nanoparticle design,” Accepted: Journal of Physics D: Applied Physics, oct
2019.

[9]

T. Frydenberg, A. Mamakhel, J. Christiansen, H. Reardon, B. Julsgaard,
and B. B. Iversen, “Simple synthesis of PbS nanoparticles with highly
tunable downshifting properties,” Submitted to: Particle & Particles Systems
characterization, july 2019.

[10]

B. D. Santer, C. J. W. Bonfils, Q. Fu, J. C. Fyfe, G. C. Hegerl, C. Mears,
J. F. Painter, S. Po-Chedley, F. J. Wentz, M. D. Zelinka, and C.-Z. Zou,
“Celebrating the anniversary of three key events in climate change science,”
Nature Climate Change, vol. 9, no. 3, pp. 180–182, 2019.

[11]

K. P. Rajendra and A. M. Leo, “Climate change 2014: Synthesis report,”
tech. rep., Intergovernmental Panel on Climate Change (IPCC), 2014.

[12]

J. Cook, D. Nuccitelli, S. A. Green, M. Richardson, B. Winkler, R. Painting,
R. Way, P. Jacobs, and A. Skuce, “Quantifying the consensus on anthropogenic global warming in the scientific literature,” Environmental Research
Letters, vol. 8, no. 2, p. 024024, 2013.

[13]

“Paris Agreement.” https://unfccc.int/process-and-meetings/
the-paris-agreement/the-paris-agreement, 2015. Accessed: 2019-0821.

[14]

D. G. Victor, K. Akimoto, Y. Kaya, M. Yamaguchi, D. Cullenward, and
C. Hepburn, “Prove paris was more than paper promises,” Nature, vol. 548,
no. 7665, pp. 25–27, 2017.

[15]

“Climate action tracker.” https://climateactiontracker.org/, Accessed: 2019-08-21.

[16]

“Renewables 2019 global status report.” https://www.ren21.net/
wp-content/uploads/2019/05/gsr_2019_full_report_en.pdf,
2019.
Accessed: 2019-08-21.

Bibliography

139

[17]

“BP
statistical
review
of
world
energy
2019.”
https:
//www.bp.com/content/dam/bp/business-sites/en/global/
corporate/pdfs/energy-economics/statistical-review/
Accessed: 2019bp-stats-review-2019-full-report.pdf, 2019.
08-23.

[18]

“Solar
energy
reaching
the
earth’s
surface.”
https:
//www.itacanet.org/the-sun-as-a-source-of-energy/
part-2-solar-energy-reaching-the-earths-surface/,
Accessed:
2019-08-23.

[19]

“International renewable energy agency (IRENA).” https://www.irena.
org/costs/Power-Generation-Costs/Solar-Power, Accessed: 2019-0821.

[20]

“Photovoltaic report, Frauenhofer ISE.” https://www.ise.fraunhofer.
de/en/publications/studies/photovoltaics-report.html, 2019. Accessed: 2019-08-26.

[21]

“Best
research-cell
efficiencies.”
https://www.nrel.gov/pv/
cell-efficiency.html, Accessed: 2019-08-26.

[22]

F. Auzel, “Upconversion and anti-stokes processes with f and d ions in
solids,” Chemical Reviews, vol. 104, no. 1, pp. 139–174, 2004.

[23]

N. Bloembergen, “Solid state infrared quantum counters,” Physical Review
Letters, vol. 2, no. 3, pp. 84–85, 1959.

[24]

V. V. Ovsyakin and P. Feofilov, “Cooperative sensitization of luminescence
in crystals activated with rare earth ions,” Journal of Experimental and
Theoretical Physics Letters, vol. 4, pp. 317–319, 1966.

[25]

F. Auzel, “Compteur quantique par transfert d’énergie de Yb3+ á Tm3+
dans un tungstate mixte et dans un verre germante,” Comptes rendus de
l´Académie Sciences (Paris), vol. 263, pp. 819–821, 1966.

[26]

M. R. Brown, H. Thomas, J. M. Williams, R. J. Woodward, and W. A.
Shand, “Experiments on Er3+ in SrF2 . III. coupled-ion effects,” Jorunal of
Chemical Physics, vol. 51, no. 8, pp. 3321–3327, 1969.

[27]

M. Pollnau, D. R. Gamelin, S. R. Lüthi, H. U. Güdel, and M. P. Hehlen,
“Power dependence of upconversion luminescence in lanthanide and
transition-metal-ion systems,” Physical Review B, vol. 61, no. 5, pp. 3337–
3346, 2000.

[28]

B. H. Bransden and C. J. Joachain, Physics of Atoms and Molecules. Prentice
Hall, 2nd ed., 2003.

140

Bibliography

[29]

B. Henderson and G. F. Imbusch, Optical Spectroscopy of Inorganic Solids.
Oxford Science Press, 1989.

[30]

B. M. Walsh, “Judd-Ofelt theory: Principles and practices,” in Advances
in Spectroscopy for Lasers and Sensing, pp. 403–433, Springer Netherlands,
2006.

[31]

D. E. McCumber, “Einstein relations connecting broadband emission and
absorption spectra,” Physical Review, vol. 136, no. 4A, pp. 16–19, 1964.

[32]

G. S. Ofelt, “Intensities of crystal spectra of rare-earth ions,” The Journal of
Chemical Physics, vol. 37, no. 3, pp. 511–520, 1962.

[33]

B. R. Judd, “Optical absorption intensities of rare-earth ions,” Physical
Review, vol. 127, no. 3, pp. 750–761, 1962.

[34]

T. Förster, “Zwischenmolekulare energiewanderung und fluoreszenz,”
Annalen der Physik, vol. 437, no. 1-2, pp. 55–75, 1948.

[35]

P. W. Milonni and J. H. Eberly, Laser Physics. Wiley, 2010.

[36]

J.-M. Jin, The finite element method in electromagnetics. Hoboken. New Jersey:
John Wiley & Sons Inc, 2014.

[37]

J. vester Petersen, Topology Optimizaton of Field-enhancing Nanostructures for
Photovoltaic Applications. PhD thesis, Aarhus University, Denmark, 2018.

[38]

E. Eriksen H., Modelling nanostructures-enhanced upconversion for photovoltaic
applications. PhD thesis, Aarhus University, Denmark, 2018.

[39]

M. Pelton and G. Bryant, Introduction to metal-nanoparticle plasmonics. John
wiley & Sons, 2013.

[40]

E. H. Eriksen, S. P. Madsen, B. Julsgaard, C. L. M. Hofmann, J. C. Goldschmidt, and P. Balling, “Enhanced upconversion via plasmonic near-field
effects: role of the particle shape,” Journal of Optics, vol. 21, no. 3, p. 035004,
2019.

[41]

Y. Chen, “Nanofabrication by electron beam lithography and its applications: A review,” Microelectronic Engineering, vol. 135, pp. 57–72, 2015.

[42]

J. Griffiths, David, Introduction to electrodynamics, Third edition. Pearson,
2008.

[43]

B. E. A. Saleh and M. C. Teich, Fundamentals of photonics, Second edition.
Wiley, 2007.

Bibliography

141

[44]

J. Vester-Petersen, S. P. Madsen, O. Sigmund, P. Balling, B. Julsgaard, and
R. E. Christiansen, “Field-enhancing photonic devices utilizing waveguide
coupling and plasmonics - a selection rule for optimization-based design,”
Optics Express, vol. 26, no. 18, p. A788, 2018.

[45]

D. L. Dexter, “A theory of sensitized luminescence in solids,” The Journal
of Chemical Physics, vol. 21, no. 5, pp. 836–850, 1953.

[46]

F. Auzel, “Compteur quantique par transfert d’énergie entre deux ions de
terres rares dans un tungstate mixte et dans un verre,” Comptes rendus de
l´Académie Sciences (Paris), vol. 262, pp. 1016–1019, 1966.

[47]

F. Auzel, “Materials and devices using double-pumped-phosphors with
energy transfer,” Proceedings of the IEEE, vol. 61, no. 6, pp. 758–786, 1973.

[48]

T. Miyakawa and D. L. Dexter, “Cooperative and stepwise excitation
of luminescence: Trivalent rare-earth ions in Yb3+ -sensitized crystals,”
Physical Review B, vol. 1, no. 1, pp. 70–80, 1970.

[49]

2nd International Conference on Gallium Arsenide, A visible light source
utilizing a GaAs electroluminescent diode and a stepwise excitable phosphor,
1968.

[50]

H. J. Guggenheim and L. F. Johnson, “New fluoride compounds for
efficient infrared-to-visible conversion,” Applied Physics Letters, vol. 15,
no. 2, pp. 51–52, 1969.

[51]

J. F. Porter, “Fluorescence excitation by the absorption of two consecutive
photons,” Physical Review Letters, vol. 7, no. 11, pp. 414–415, 1961.

[52]

M. R. Brown and W. A. Shand, “Infrared quantum counter action in Prdoped fluoride lattices,” Physical Review Letters, vol. 11, no. 8, pp. 366–368,
1963.

[53]

P. Kumar, S. Singh, and B. K. Gupta, “Future prospects of luminescent
nanomaterial based security inks: from synthesis to anti-counterfeiting
applications,” Nanoscale, vol. 8, no. 30, pp. 14297–14340, 2016.

[54]

D. Jaque and F. Vetrone, “Luminescence nanothermometry,” Nanoscale,
vol. 4, no. 15, p. 4301, 2012.

[55]

F. Wang, D. Banerjee, Y. Liu, X. Chen, and X. Liu, “Upconversion nanoparticles in biological labeling, imaging, and therapy,” The Analyst, vol. 135,
no. 8, p. 1839, 2010.

[56]

T. Kushida, “Energy transfer and cooperative optical transitions in rareearth doped inorganic materials. i. transition probability calculation,”
Journal of the Physical Society of Japan, vol. 34, no. 5, pp. 1318–1326, 1973.

142

Bibliography

[57]

J. Pouradier and F. Auzel, “Calcul des probabilités des transferts d'énergie
entre ions de terres rares. i. une méthode de calcul unifiée utilisant des
méthodes tensorielles standard,” Journal de Physique, vol. 39, no. 8, pp. 825–
831, 1978.

[58]

M. Inokuti and F. Hirayama, “Influence of energy transfer by the exchange
mechanism on donor luminescence,” The Journal of Chemical Physics, vol. 43,
no. 6, pp. 1978–1989, 1965.

[59]

M. Yokota and O. Tanimoto, “Effects of diffusion on energy transfer by
resonance,” Journal of the Physical Society of Japan, vol. 22, no. 3, pp. 779–784,
1967.

[60]

M. J. Weber, “Luminescence decay by energy migration and transfer:
Observation of diffusion-limited relaxation,” Physical Review B, vol. 4,
no. 9, pp. 2932–2939, 1971.

[61]

S. Fischer, H. Steinkemper, P. Löper, M. Hermle, and J. C. Goldschmidt,
“Modeling upconversion of erbium doped microcrystals based on experimentally determined Einstein coefficients,” Journal of Applied Physics,
vol. 111, no. 1, p. 013109, 2012.

[62]

S. Fischer, D. Kumar, F. Hallermann, G. von Plessen, and J. C. Goldschmidt,
“Enhanced upconversion quantum yield near spherical gold nanoparticles
– a comprehensive simulation based analysis,” Optics Express, vol. 24, no. 6,
p. A460, 2016.

[63]

C. L. M. Hofmann, E. H. Eriksen, S. Fischer, B. S. Richards, P. Balling, and
J. C. Goldschmidt, “Enhanced upconversion in one-dimensional photonic
crystals: a simulation-based assessment within realistic material and
fabrication constraints,” Optics Express, vol. 26, no. 6, p. 7537, 2018.

[64]

P. Villanueva-Delgado, K. W. Krämer, and R. Valiente, “Simulating energy transfer and upconversion in β-NaYF4 : Yb3+ , Tm3+ ,” The Journal of
Physical Chemistry C, vol. 119, no. 41, pp. 23648–23657, 2015.

[65]

T. Trupke, M. A. Green, and P. Würfel, “Improving solar cell efficiencies
by up-conversion of sub-band-gap light,” Journal of Applied Physics, vol. 92,
no. 7, pp. 4117–4122, 2002.

[66]

C. M. Johnson and G. J. Conibeer, “Limiting efficiency of generalized
realistic c-Si solar cells coupled to ideal up-converters,” Journal of Applied
Physics, vol. 112, no. 10, p. 103108, 2012.

[67]

J. A. Briggs, A. C. Atre, and J. A. Dionne, “Narrow-bandwidth solar upconversion: Case studies of existing systems and generalized fundamental
limits,” Journal of Applied Physics, vol. 113, no. 12, p. 124509, 2013.

Bibliography

143

[68]

M. Rüdiger, S. Fischer, J. Frank, A. Ivaturi, B. S. Richards, K. W. Krämer,
M. Hermle, and J. C. Goldschmidt, “Bifacial n-type silicon solar cells for
upconversion applications,” Solar Energy Materials and Solar Cells, vol. 128,
pp. 57–68, 2014.

[69]

Proceedings of 3rd world conference on photovoltaic energy conversion,
vols A-C, The application of up-converting phosphors for increased solar cell
conversion efficiencies, 2003.

[70]

A. Shalav, B. S. Richards, T. Trupke, K. W. Krämer, and H. U. Güdel,
“Application of NaYF4 :Er3+ up-converting phosphors for enhanced nearinfrared silicon solar cell response,” Applied Physics Letters, vol. 86, no. 1,
p. 013505, 2005.

[71]

S. Fischer, Upconversion of Sub-Band-Gap Photons for Silicon Solar Cells. PhD
thesis, University of Freiburg, 2014.

[72]

S. Fischer, E. Favilla, M. Tonelli, and J. C. Goldschmidt, “Record efficient
upconverter solar cell devices with optimized bifacial silicon solar cells
and monocrystalline BaY2 F8 :30% Er3+ upconverter,” Solar Energy Materials
and Solar Cells, vol. 136, pp. 127–134, 2015.

[73]

J. Goldschmidt, S. Fischer, P. Löper, K. Krämer, D. Biner, M. Hermle,
and S. Glunz, “Experimental analysis of upconversion with both coherent
monochromatic irradiation and broad spectrum illumination,” Solar Energy
Materials and Solar Cells, vol. 95, no. 7, pp. 1960–1963, 2011.

[74]

J. C. Goldschmidt, P. Loper, S. Fischer, S. Janz, M. Peters, S. W. Glunz,
G. Willeke, E. Lifshitz, K. Kramer, and D. Biner, “Advanced upconverter
systems with spectral and geometric concentration for high upconversion efficiencies,” in 2008 Conference on Optoelectronic and Microelectronic
Materials and Devices, IEEE, 2008.

[75]

J. de Wild, A. Meijerink, J. K. Rath, W. G. J. H. M. van Sark, and R. E. I.
Schropp, “Upconverter solar cells: materials and applications,” Energy &
Environmental Science, vol. 4, no. 12, p. 4835, 2011.

[76]

J. C. Goldschmidt and S. Fischer, “Upconversion for photovoltaics - a
review of materials, devices and concepts for performance enhancement,”
Advanced Optical Materials, vol. 3, no. 4, pp. 510–535, 2015.

[77]

E. M. Purcell, H. C. Torrey, and R. V. Pound, “Resonance absorption by
nuclear magnetic moments in a solid,” Physical Review, vol. 69, no. 1-2,
pp. 37–38, 1946.

144

Bibliography

[78]

D. M. Wu, A. García-Etxarri, A. Salleo, and J. A. Dionne, “Plasmonenhanced upconversion,” The Journal of Physical Chemistry Letters, vol. 5,
no. 22, pp. 4020–4031, 2014.

[79]

W. Park, D. Lu, and S. Ahn, “Plasmon enhancement of luminescence
upconversion,” Chemical Society Reviews, vol. 44, no. 10, pp. 2940–2962,
2015.

[80]

W. Zhang, F. Ding, and S. Y. Chou, “Large enhancement of upconversion
luminescence of NaYF4 :Yb3+ /Er3+ nanocrystal by 3D plasmonic nanoantennas,” Advanced Materials, vol. 24, no. 35, pp. OP236–OP241, 2012.

[81]

E. Verhagen, L. Kuipers, and A. Polman, “Field enhancement in metallic
subwavelength aperture arrays probed by erbium upconversion luminescence,” Optics Express, vol. 17, no. 17, p. 14586, 2009.

[82]

T. Aisaka, M. Fujii, and S. Hayashi, “Enhancement of upconversion luminescence of Er doped Al2 O3 films by Ag island films,” Applied Physics
Letters, vol. 92, no. 13, p. 132105, 2008.

[83]

C. L. M. Hofmann, E. H. Eriksen, D. U. Yazicioglu, S. Fischer, B. Bläsi,
C. Reitz, B. S. Richards, and J. C. Goldschmidt, “Upconversion performance enhancement in real 1D photonic crystals: simulation, experiment
and perspectives for photovoltaics,” in OSA Advanced Photonics Congress
(AP) 2019 (IPR, Networks, NOMA, SPPCom, PVLED), p. PT1C.2, Optical
Society of America, 2019.

[84]

A. Das, C. Mao, S. Cho, K. Kim, and W. Park, “Over 1000-fold enhancement
of upconversion luminescence using water-dispersible metal-insulatormetal nanostructures,” Nature Communications, vol. 9, no. 1, 2018.

[85]

F. Auzel, “Spectral narrowing of excitation spectra in n-photons upconversion processes by energy transfers,” Journal of Luminescence, vol. 3132, pp. 759–761, 1984.

[86]

T. Trupke, A. Shalav, B. Richards, P. Würfel, and M. Green, “Efficiency
enhancement of solar cells by luminescent up-conversion of sunlight,”
Solar Energy Materials and Solar Cells, vol. 90, no. 18-19, pp. 3327–3338,
2006.

[87]

J. de Wild, J. Rath, A. Meijerink, W. van Sark, and R. Schropp, “Enhanced
near-infrared response of a-Si:H solar cells with β-NaYF4 :Yb3+ (18%),
Er3+ (2%) upconversion phosphors,” Solar Energy Materials and Solar Cells,
vol. 94, no. 12, pp. 2395–2398, 2010.

Bibliography

145

[88]

S. Schietinger, T. Aichele, H.-Q. Wang, T. Nann, and O. Benson, “Plasmonenhanced upconversion in single NaYF4 :Yb3+ /Er3+ codoped nanocrystals,” Nano Letters, vol. 10, no. 1, pp. 134–138, 2010.

[89]

S. Han, R. Deng, X. Xie, and X. Liu, “Enhancing luminescence in
lanthanide-doped upconversion nanoparticles,” Angewandte Chemie International Edition, vol. 53, no. 44, pp. 11702–11715, 2014.

[90]

R. Martín-Rodríguez, F. T. Rabouw, M. Trevisani, M. Bettinelli, and A. Meijerink, “Upconversion dynamics in Er3+ -doped Gd2 O2 S: Influence of excitation power, Er3+ concentration, and defects,” Advanced Optical Materials,
vol. 3, no. 4, pp. 558–567, 2015.

[91]

S. Fischer, R. Martín-Rodríguez, B. Fröhlich, K. W. Krämer, A. Meijerink,
and J. C. Goldschmidt, “Upconversion quantum yield of Er3+ -doped βNaYF4 and Gd2 O2 S: The effects of host lattice, Er3+ doping, and excitation
spectrum bandwidth,” Journal of Luminescence, vol. 153, pp. 281–287, 2014.

[92]

R. Martín-Rodríguez, S. Fischer, A. Ivaturi, B. Froehlich, K. W. Krämer, J. C.
Goldschmidt, B. S. Richards, and A. Meijerink, “Highly efficient IR to NIR
upconversion in Gd2 O2 S: Er3+ for photovoltaic applications,” Chemistry of
Materials, vol. 25, no. 9, pp. 1912–1921, 2013.

[93]

F. Wang, J. Wang, and X. Liu, “Direct evidence of a surface quenching
effect on size-dependent luminescence of upconversion nanoparticles,”
Angewandte Chemie International Edition, vol. 49, no. 41, pp. 7456–7460,
2010.

[94]

F. T. Rabouw, P. T. Prins, P. Villanueva-Delgado, M. Castelijns, R. G.
Geitenbeek, and A. Meijerink, “Quenching pathways in NaYF4 :Er3+ , Yb3+
upconversion nanocrystals,” ACS Nano, vol. 12, no. 5, pp. 4812–4823, 2018.

[95]

S. K. W. MacDougall, A. Ivaturi, J. Marques-Hueso, K. W. Krämer, and B. S.
Richards, “Ultra-high photoluminescent quantum yield of β-NaYF4 : 10%
Er3+ via broadband excitation of upconversion for photovoltaic devices,”
Opics Express, vol. 20, no. S6, p. A879, 2012.

[96]

Y. Takeda, S. Mizuno, H. N. Luitel, and T. Tani, “A broadband-sensitive
upconverter La(Ga0.5 Sc0.5 )O3 :Er,Ni,Nb for crystalline silicon solar cells,”
Applied Physics Letters, vol. 108, no. 4, p. 043901, 2016.

[97]

S. R. Johannsen, L. R. Lauridsen, B. Julsgaard, P. T. Neuvonen, S. K.
Ram, and A. N. Larsen, “Optimization of Er3+ -doped TiO2 -thin films for
infrared light up-conversion,” Thin Solid Films, vol. 550, pp. 499–503, 2014.

146

Bibliography

[98]

X. Chen, J. A. Weibel, and S. V. Garimella, “Water and ethanol droplet
wetting transition during evaporation on omniphobic surfaces,” Scientific
Reports, vol. 5, no. 1, 2015.

[99]

A. D. Compaan, A. Gupta, S. Lee, S. Wang, and J. Drayton, “High efficiency,
magnetron sputtered CdS/CdTe solar cells,” Solar Energy, vol. 77, no. 6,
pp. 815–822, 2004.

[100] A. Gupta and A. D. Compaan, “All-sputtered 14% CdS/CdTe thin-film
solar cell with ZnO:Al transparent conducting oxide,” Applied Physics
Letters, vol. 85, no. 4, pp. 684–686, 2004.
[101] V. A. Dao, H. Choi, J. Heo, H. Park, K. Yoon, Y. Lee, Y. Kim, N. Lakshminarayan, and J. Yi, “rf-magnetron sputtered ITO thin films for improved
heterojunction solar cell applications,” Current Applied Physics, vol. 10,
no. 3, pp. S506–S509, 2010.
[102] D. Maurya, A. Sardarinejad, and K. Alameh, “Recent developments in R.F.
magnetron sputtered thin films for pH sensing applications - an overview,”
Coatings, vol. 4, no. 4, pp. 756–771, 2014.
[103] D. Yoo, I. Kim, S. Kim, C. H. Hahn, C. Lee, and S. Cho, “Effects of
annealing temperature and method on structural and optical properties of
TiO2 films prepared by RF magnetron sputtering at room temperature,”
Applied Surface Science, vol. 253, no. 8, pp. 3888–3892, 2007.
[104] B. E. Yoldas and T. W. O’Keeffe, “Antireflective coatings applied from
metal–organic derived liquid precursors,” Applied Optics, vol. 18, no. 18,
p. 3133, 1979.
[105] L. Martinu and D. Poitras, “Plasma deposition of optical films and coatings:
A review,” Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and
Films, vol. 18, no. 6, pp. 2619–2645, 2000.
[106] E. Shojaee and M. R. Mohammadizadeh, “First-principles elastic and thermal properties of TiO2 : a phonon approach,” Journal of Physics: Condensed
Matter, vol. 22, no. 1, p. 015401, 2009.
[107] A. Enesca, L. Androinic, A. Duta, and S. Manolache, “Optical properties
and chemical stability of WO3 and TiO2 thin films photocatalysts,” Romainian Journal of Information Science and Technology, vol. 10, no. 3, p. 269,
2007.
[108] A. Patra, C. S. Friend, R. Kapoor, and P. N. Prasad, “Fluorescence upconversion properties of Er3+ -doped TiO2 and BaTiO3 nanocrystallites,”
Chemistry of Materials, vol. 15, no. 19, pp. 3650–3655, 2003.

Bibliography

147

[109] P. Blixt, J. Nilsson, T. Carlnas, and B. Jaskorzynska, “Concentrationdependent upconversion in Er3+ -doped fiber amplifiers: Experiments
and modeling,” IEEE Photonics Technology Letters, vol. 3, no. 11, pp. 996–
998, 1991.
[110] S. R. Johannsen, S. Roesgaard, B. Julsgaard, R. A. S. Ferreira, J. Chevallier,
P. Balling, S. K. Ram, and A. N. Larsen, “Influence of TiO2 host crystallinity
on Er3+ light emission,” Optical Materials Express, vol. 6, no. 5, p. 1664,
2016.
[111] W. G. van Sark, J. de Wild, J. K. Rath, A. Meijerink, and R. E. Schropp,
“Upconversion in solar cells,” Nanoscale Research Letters, vol. 8, no. 1, 2013.
[112] P. G. Kik and A. Polman, “Cooperative upconversion as the gain-limiting
factor in er doped miniature Al2 O3 optical waveguide amplifiers,” Journal
of Applied Physics, vol. 93, no. 9, pp. 5008–5012, 2003.
[113] F.-H. Wang, J.-C. Chao, H.-W. Liu, and F.-J. Liu, “Physical properties of
TiO2 -doped zinc oxide thin films: Influence of plasma treatment in H2
and/or Ar gas ambient,” Vacuum, vol. 140, pp. 155–160, 2017.
[114] S. R. Johannsen, L. R. Lauridsen, B. Julsgaard, P. T. Neuvonen, S. K.
Ram, and A. N. Larsen, “Optimization of Er3+ -doped TiO2 -thin films for
infrared light up-conversion,” Thin Solid Films, vol. 550, pp. 499–503, 2014.
[115] M. Nakamura, S. Kato, T. Aoki, L. Sirghi, and Y. Hatanaka, “Role of
terminal OH groups on the electrical and hydrophilic properties of hydrooxygenated amorphous TiOx :OH thin films,” Journal of Applied Physics,
vol. 90, no. 7, pp. 3391–3395, 2001.
[116] S. Bansal, D. K. Pandya, and S. C. Kashyap, “Electron transport and defect
structure in highly conducting reactively sputtered ultrathin tin oxide
films,” Applied Physics Letters, vol. 104, no. 8, p. 082108, 2014.
[117] K. Koski, J. Hölsä, and P. Juliet, “Surface defects and arc generation in
reactive magnetron sputtering of aluminium oxide thin films,” Surface and
Coatings Technology, vol. 115, no. 2-3, pp. 163–171, 1999.
[118] X. Pan, M.-Q. Yang, X. Fu, N. Zhang, and Y.-J. Xu, “Defective TiO2 with
oxygen vacancies: synthesis, properties and photocatalytic applications,”
Nanoscale, vol. 5, no. 9, p. 3601, 2013.
[119] S. Hu, M. R. Shaner, J. A. Beardslee, M. Lichterman, B. S. Brunschwig,
and N. S. Lewis, “Amorphous TiO2 coatings stabilize Si, GaAs, and GaP
photoanodes for efficient water oxidation,” Science, vol. 344, no. 6187,
pp. 1005–1009, 2014.

148

Bibliography

[120] H. H. Pham and L.-W. Wang, “Oxygen vacancy and hole conduction
in amorphous TiO2 ,” Physical Chemistry Chemical Physics, vol. 17, no. 1,
pp. 541–550, 2015.
[121] W. Göpel, G. Rocker, and R. Feierabend, “Intrinsic defects of TiO2 (110):
Interaction with chemisorbed O2 , H2 , CO, and CO2 ,” Physical Review B,
vol. 28, no. 6, pp. 3427–3438, 1983.
[122] U. Diebold, “The surface science of titanium dioxide,” Surface Science
Reports, vol. 48, no. 5-8, pp. 53–229, 2003.
[123] J.-M. Pan, B. L. Maschhoff, U. Diebold, and T. E. Madey, “Interaction of
water, oxygen, and hydrogen with TiO2 (110) surfaces having different defect densities,” Journal of Vacuum Science & Technology A: Vacuum, Surfaces,
and Films, vol. 10, no. 4, pp. 2470–2476, 1992.
[124] M. A. Henderson, “A surface science perspective on TiO2 photocatalysis,”
Surface Science Reports, vol. 66, no. 6-7, pp. 185–297, 2011.
[125] M. Lazarus and T. Sham, “X-ray photoelectron spectroscopy (XPS) studies
of hydrogen reduced rutile (TiO2− x ) surfaces,” Chemical Physics Letters,
vol. 92, no. 6, pp. 670–674, 1982.
[126] X. Huang, D. Chen, L. Lin, Z. Wang, Y. Wang, Z. Feng, and Z. Zheng, “Concentration quenching in transparent glass ceramics containing Er3+ :NaYF4
nanocrystals,” Science China Physics, Mechanics and Astronomy, vol. 55, no. 7,
pp. 1148–1151, 2012.
[127] J. Vester-Petersen, R. E. Christiansen, B. Julsgaard, P. Balling, O. Sigmund,
and S. P. Madsen, “Topology optimized gold nanostrips for enhanced nearinfrared photon upconversion,” Applied Physics Letters, vol. 111, no. 13,
p. 133102, 2017.
[128] E. H. Eriksen, A. Nazir, P. Balling, J. Vester-Petersen, R. E. Christiansen,
O. Sigmund, and S. P. Madsen, “Dose regularization via filtering and
projection: An open-source code for optimization-based proximity-effectcorrection for nanoscale lithography,” Microelectronic Engineering, vol. 199,
pp. 52–57, 2018.
[129] Z.
Li
and
Y.
Zhang,
“Monodisperse
silica-coated
polyvinylpyrrolidone/NaYF4 nanocrystals with multicolor upconversion fluorescence emission,” Angewandte Chemie International Edition,
vol. 45, no. 46, pp. 7732–7735, 2006.
[130] D. K. Chatterjee, M. K. Gnanasammandhan, and Y. Zhang, “Small upconverting fluorescent nanoparticles for biomedical applications,” Small,
vol. 6, no. 24, pp. 2781–2795, 2010.

Bibliography

149

[131] Y. Liu, K. Ai, and L. Lu, “Designing lanthanide-doped nanocrystals
with both up- and down-conversion luminescence for anti-counterfeiting,”
Nanoscale, vol. 3, no. 11, p. 4804, 2011.
[132] M. You, J. Zhong, Y. Hong, Z. Duan, M. Lin, and F. Xu, “Inkjet printing of
upconversion nanoparticles for anti-counterfeit applications,” Nanoscale,
vol. 7, no. 10, pp. 4423–4431, 2015.
[133] G. Chen, J. Damasco, H. Qiu, W. Shao, T. Y. Ohulchanskyy, R. R. Valiev,
X. Wu, G. Han, Y. Wang, C. Yang, H. Ågren, and P. N. Prasad, “Energycascaded upconversion in an organic dye-sensitized core/shell fluoride
nanocrystal,” Nano Letters, vol. 15, no. 11, pp. 7400–7407, 2015.
[134] C. M. Johnson, P. J. Reece, and G. J. Conibeer, “Slow-light-enhanced
upconversion for photovoltaic applications in one-dimensional photonic
crystals,” Optics Letters, vol. 36, no. 20, p. 3990, 2011.
[135] L. Novotny and B. Hecht, Principles of nano-optics. Cambridge university
press, 2006.
[136] R. E. Christiansen, J. Vester-Petersen, S. P. Madsen, and O. Sigmund, “A
non-linear material interpolation for design of metallic nano-particles
using topology optimization,” Computer Methods in Applied Mechanics and
Engineering, vol. 343, pp. 23–39, 2019.
[137] J. K. Guest, J. H. Prévost, and T. Belytschko, “Achieving minimum length
scale in topology optimization using nodal design variables and projection
functions,” International Journal for Numerical Methods in Engineering, vol. 61,
no. 2, pp. 238–254, 2004.
[138] F. Wang, J. S. Jensen, and O. Sigmund, “Robust topology optimization of
photonic crystal waveguides with tailored dispersion properties,” Journal
of the Optical Society of America B, vol. 28, no. 3, p. 387, 2011.
[139] R. E. Christiansen, B. S. Lazarov, J. S. Jensen, and O. Sigmund, “Creating
geometrically robust designs for highly sensitive problems using topology
optimization,” Structural and Multidisciplinary Optimization, vol. 52, no. 4,
pp. 737–754, 2015.
[140] J. Jensen and O. Sigmund, “Topology optimization for nano-photonics,”
Laser & Photonics Reviews, vol. 5, no. 2, pp. 308–321, 2010.
[141] S. P. Madsen, S. R. Johannsen, B. R. Jeppesen, J. V. Nygaard, P. B. Jensen,
J. Chevallier, B. Julsgaard, P. Balling, and A. N. Larsen, “Optimizing
plasmonically enhanced upconversion,” Energy Procedia, vol. 77, pp. 478–
486, 2015.

150

Bibliography

[142] S. R. Johannsen, S. P. Madsen, B. R. Jeppesen, J. V. Nygaard, B. Julsgaard, P. Balling, and A. N. Larsen, “Up-conversion enhancement in Er3+
doped TiO2 through plasmonic coupling: Experiments and finite-element
modeling,” Applied Physics Letters, vol. 106, no. 5, p. 053101, 2015.
[143] J. S. Arora, Introduction to Optimum Design. Academic Press, Elsevier, 4th
ed. ed., 2017.
[144] W. J. Miniscalco and R. S. Quimby, “General procedure for the analysis of
Er3+ cross sections,” Optics Letters, vol. 16, no. 4, p. 258, 1991.
[145] “COMSOL Multiphysics® v. 5.3a.” Software package, 2019.
[146] K. Svanberg, “MMA and GCMMA - two methods for nonlinear optimization.,” tech. rep., KTH, Stockholm, 2007.
[147] S. H. Møller, J. Vester-Petersen, A. Nazir, E. H. Eriksen, B. Julsgaard,
S. P. Madsen, and P. Balling, “Near-field marking of gold nanostars by
ultrashort pulsed laser irradiation: experiment and simulations,” Applied
Physics A, vol. 124, no. 2, 2018.
[148] Z. Wang and A. Meijerink, “Concentration quenching in upconversion
nanocrystals,” The Journal of Physical Chemistry C, vol. 122, no. 45, pp. 26298–
26306, 2018.

