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Abstract

This thesis illuminates the opportunities for Quinizarin (Qz) as an organic sensitizer in
LnF3 (Ln=Y, Nd, Tm, Yb) thin films for upconversion. Lanthanides show great promise
as active materials for upconversion technologies, but struggle with very low
absorption and thus, very low efficiency. We attempt to correct this by including a broad
band absorber, in our case an organic dye. Atomic layer deposition (ALD) has been

used to build the multilayered structures with control of the interatomic separations.

The project has been divided into multiple parts, focusing first on Qz as sensitizer and
its properties in solid state by ALD growth of Ln2Qzs. The ALD growth of LnF3 thin films
was investigated and multilayered structures intended to show upconversion was
made. Initial investigations of Qz show that as a dispersed molecule, its luminescence
is heavily influenced by its environment, but indicates it could function as a sensitizer.
When combined with Ln(thd)s as a precursor in ALD growth, it shows exceptionally
good growth with high growth rate, as well as high optical absorption.

The growth and structure of LnFs thin films using NH4F as fluorine source has been
characterized using quartz crystal microbalance (QCM), with results indicating similar
type of growth among all the tested lanthanides, apart for Nd, which proved more
challenging. Uniform film with growth rates of around 0.6 A/cycle were achieved, and
NH4F has been proven a good fluorine source in LnFz systems using Ln(thd)s. Qz has
been successfully incorporated into these films with high absorption for high Qz-
content, as characterized by using ultraviolet, visible and near infrared spectroscopy
(UV-Vis). However, the films were not luminescent, as aimed for, proving that there is

more work to be done to understand the quenching mechanisms involved.

The upconversion structure itself has been investigated by growing and investigating
multilayers of YbFz with Nd®* and Tm?*. Using cathodoluminescence (CL) both ions
have been shown incorporated in the structure. The system shows different emission

intensities depending on ion distance, with 0.8 nm being the most optimal for CL signal.
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1 Introduction

1.1 Motivation

With today’s climate crisis, scientists all over the world are scrambling to develop
technologies that can reduce costs, climate footprints and power consumption.
Meanwhile, an increasing world population and demands for increased economic
standards causes a higher pressure for developing technologies that can improve
living standards, often without compromising for the above. The COVID-19 pandemic
is also a reminder that while technologies keep progressing, emerging viruses and

bacteria remain a threat and demands further research in antibacterial materials.

One concept showing great promise for use in many technologies is photon
upconversion. It can be used to create materials with bactericidal properties, by
converting visible light to ultraviolet (UV) that can kill bacteria or viruses [1, 2]. When
applied in photovoltaics, upconversion converts light that otherwise would be wasted
into suitable energy to bridge the band gap in solar cells [3, 4]. In photocatalysis, the
high energy emitted from upconversion systems can provide the required energy to
pass the activation barrier for reactions, such as water-splitting for hydrogen production
[5]. It can enable the use of extreme-UV lithography, allowing to further decrease the
feature size of microelectronic devices, improving their efficiency [6]. In the production
of high energy UV-lasers or -diodes, photon upconversion can reduce costs by
producing UV light from cheap and efficient visible or near infrared light diode sources

[7].

However, upconversion systems are not easily obtainable or highly efficient. One
challenge with upconversion systems today is their sensitivity to the concentrations of
the active materials, leading to concentration quenching. There is a fine balance
between having just enough active material to provide an efficient upconversion
system, while minimizing the alternative losses leading to reduced efficiency. To limit
such losses requires fine-tuned structures to control interatomic distances [8, 9]. This
means good control of the synthesis of such materials is crucial. Another issue is that
most upconversion systems are based on lanthanides that themselves absorb light
rather poorly, leading to inefficient processes. This calls for combining these with



something else that can absorb the light required for the lanthanide upconversion
system [10, 11].

1.2 Thesis Objectives

The ultimate goal of this project is to create upconverting structures based on LnFs thin
films as activators and emitters with an organic dye as sensitizer to increase the
absorption of broadband wavelengths. A sensitizer is a molecule that can absorb light
and transfer it to the upconversion system. By choosing a sensitizer with a broad
absorption band we can increase the efficiency of lanthanide-based upconversion
systems in these broadband light conditions. The thin films will be made using the ALD
technique, a gas phase deposition-based process suitable for construction of layered
structures with atomic precision. Lanthanides are great elements for upconversion, but
their absorption bands are weak and narrow, leading to lower efficiency when excited
using broadband light. This is where organic dyes prove useful for the project, as they

have wide absorption bands and much higher absorption strengths.

This project is in large part based on the work of Silje Holm Sgrensen, who investigated
different perylenes as sensitizers in in the same upconversion systems [12]. For this
project, the organic dye known as Quinizarin (1,4-Dihydroxyanthraquinone) will be
used, and from here on it will be referred to as Qz. The project is divided into multiple
parts.

The first steps are to investigate whether Qz is suitable as a sensitizer for upconversion
systems made by ALD. The dye has previously been examined in a similar setting in
combination with aluminium [13], proving that Qz can be used as a reactant by ALD,
as well showing sensitizing qualities. However, here it will be explored as a reactant in

combination with the less reactive lanthanide precursors.

The second main part of the project will be the exploration of deposition of LnF3 films,
where Ln=Y, Nd, Tm and Yb, using NH4F as fluorine source. These films will lay the
foundation for incorporating Qz in fluorides as part of an upconversion system. NH4F
has been used as an ALD precursor before, both for LnFs, and for other thin films,
though it is still not widely used [6, 12, 14, 15]. Qz-doped LnFsz thin films will be

investigated for sensitizing properties, and films of YbFz:Nd,Tm will be explored with



varying spacing between the Nd and Tm layers to study the upconversion system itself.
Finally, the goal is to deposit a film of our upconversion system with Qz incorporated
as a sensitizer. The following sections will give an overview of concepts utilized in the

project, with emphasis on their history and previous work.

1.3 Atomic Layer Deposition (ALD)

ALD is a thin film synthesis technique that separates itself from other thin film
techniques in how it deposits highly controlled and uniform films by exposing the
substrate to the precursors in a sequential manner. This opens for self-limiting growth,

which can provide utmost control of deposited material.

1.3.1 Background

The ALD principle was discovered in the Soviet Union in the 1960s, although not
disclosed to the western part of the world until after the collapse of the union. The
technique is therefore better known to us as developed by Tuomo Suntola in Finland
in the 1970s to solve the challenges in formation of electroluminescent thin film display
devices [16], and was patented in 1977 [17]. ALD has a long background related to
luminescence, but has since then, become increasingly more applied in many
technologies, particularly in microelectronics [18, 19]. The technique is known by many
names, one of them being Molecular Layer Deposition (MLD), when instead of atoms,
whole molecules are deposited. Our deposition of Qz-based materials is technically
MLD rather than ALD, but throughout the thesis the method will be referred to as ALD

for ease of understanding.

1.3.2 ALD of Lanthanides

Though a few lanthanides have already been deposited as fluorides, they are most
commonly known deposited as oxides. Numerous reports have been made about
deposition of lanthanides by ALD[20, 21], while Hansen et al. published a study of all
the optically active lanthanides (Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb) in 2013, where
the optical properties of their oxide films were provided, along with sublimation
temperatures of Ln(thd)s (thd = 2,2,6,6-tetramethyl-3,5-heptadionedionate) precursors
[22].



LnFs thin films by ALD have not been as widely explored, but some work has been
done as presented in Table 1.1, where YFs is included for completeness.

Table 1.1: Thin films of LnF3 deposited by ALD with their GPC, deposition temperatures and source
article.

Product Cation Anion GPC [Alcycle] Deposition Reference
precursor | precursor temperature [°C]

YFs Y(thd)s TiF4 1.3 at 250 °C 175 - 325 [23]

LaFs La(thd)s TiFa 5.2 at 250 °C 225 — 350 [24]

GdFs Gd(thd)s NH4F 0.2 at 300 °C 275 — 375 [6]

TbhFs Tb(thd)s TiFs 0.8 at 300 °C 175 -350 [25]

Atosuo et al. studied growth of TbFs and GdFs and found low impurities of H, C, N and
O, with nearly constant growth per cycle (GPC) for GdFs by NH4F as fluorine source in
contrast to TbFs using TiF4 as fluorine source where the growth rate decreased with
increasing temperatures [6, 25]. YF3 and LaFs are similar to TbFs in impurities and
changes in growth rate [23, 24]. All LnFs films show an increase in crystallinity with

increasing temperatures.

1.3.3 ALD of Fluorides

Fluorides are transparent in UV and their low refractive index is an advantage in
applications related to optics [26]. They also have low phonon energies, being an
advantage over oxides. Having low phonon energies decreases the chances of
multiphonon relaxation, which in turn increases upconversion efficiency. This will be
elaborated onin 2.1.1. These properties have led to the choice of fluoride as the matrix
for this project. Fluoride thin films have been deposited with many different types of

precursors by ALD, and we can divide them into different categories.

The first category uses HF as the actual fluoride source. One of the simpler precursors
is to use pure HF gas, however, it poses a high health, safety and environment (HSE)
risk. HF-pyridine has also been used as a fluoride precursor [27]. The precursor is a
liquid at room temperature allowing for safer use than gas cylinders of HF, having a
boiling point of 19.5 °C. The precursor of choice for this project is NH4F. It was already

used as a precursor in 1994 for synthesis of fluorides of Ca, Sr and Zn [28]. NH4F



decomposes to HF and NHs between 260 and 400 °C. Since it decomposes locally in
the reactor chamber the risks are smaller during handling of the precursors.

The second category uses metal fluorides that decompose and react via a ligand
exchange reaction in the reaction chamber, releasing F for growth. A widely used
precursor is TiFs, as used in deposition of LaFs, YFs and TbFs with Ln(thd)s as cation
precursor [23-25]. It can give a high growth rate, but there is a risk of Ti impurities,
which can lead to quenched emission in luminescent thin films. This is due to a charge
transfer between Ti** and certain Ln3* ions [29]. Another example is TaFs, which was
reported to provide better transparency at high growth temperatures than TiF4 in the
deposition of MgF2 [30].

The third category uses compounds as plasma to grow fluorides. SFs plasma has been
explored in deposition of both LiF and AlFs, with results indicating that the plasma
reacts with the ligands and/or surface, favoring short pulse times. Nevertheless, it is
presented as a promising precursor as an alternative to the aforementioned metal
fluorides and pure/mixed HF [31, 32].

The final category uses organofluorines. 1,1,1,5,5,5,-hexafluoro-pentane-2,4-dione
(Hfac or Hhfac) has been used in the deposition of multiple compounds. Putkonen et
al. used ozone to activate Hhfac on the surface, while reporting less than 2 at.% of O
[33]. Tiruin et al. used Hhfac in the deposition of LiF and found formation of an LiF-CFx
hybrid layer [34].

1.3.4  Hybrid thin films

Hybrid thin films consist of both organic and inorganic molecules. One of the first hybrid
thin films synthesized with ALD was deposited in 2004 by Nilsen et al. [35]. Hybrid films
have been of increasing interest since the late 2000s, and applications include

amongst others sensors, protective coatings and solar cell applications [36].

Luminescent hybrid films are quite novel. An upconverting hybrid film with Yb and Er
was deposited by Tuomisto et al., but the organic molecule did unfortunately not act
as a sensitizer [37]. This work did, however, show that hybrid films for upconversion

can be made with organic molecules and lanthanides.



1.4 Luminescence and Optical Conversion

Luminescence is light emission from a material with origin from any process other than
black-body, also known as heat, radiation. Some types of luminescence are
chemiluminescence (excitation from a chemical reaction), electroluminescence
(excitation from an applied voltage) and photoluminescence (excitation from absorbed
light). Materials exhibiting photoluminescence are known as phosphors, owing its
name to the element of phosphorus. Phosphorus was the first material discovered to
exhibit luminescence, not by photoluminescence, but rather by chemiluminescence

under the oxidation of phosphorus in air [38].

Plasma display panels, fluorescent lamps, light emitting diodes (LEDs) and organic
light emitting devices (OLEDS) are all technologies where luminescence is used. They
rely on either electro- or photoluminescence to excite an electron from a low-energy
state, typically the ground state, to higher-energy excited state. The electron will then
de-excite, releasing energy in form of a photon. The wavelength of this photon depends
on the energy gap between the excited and de-excited state, and this wavelength can
be tuned by changing the host lattice or ions that the phosphor consists of. The ions
can serve different purposes, but where an ion is the source of the emitted photon it is
called an activator. Often there are ions that are optimized for absorbing incoming
energy and transferring it on to the activator. These are known as sensitizers, and are

generally used in optical conversion processes [39].

1.4.1 Optical conversion

Optical conversion is the concept of absorbing one wavelength of light and emitting
another. This is part of photoluminescence, and can be divided into down- and
upconversion, both of which are visualized in Figure 1.1. In downconversion, short-
wavelength photons are converted into more than one longer-wavelength photon. If
there is only one outgoing photon, we call it downshifting. Upconversion is the process
where multiple longer-wavelength photons are converted into short-wavelength

photons.



Figure 1.1: A photon of high energy transforms into two photons of lower energy by downconversion
(left). Two photons of lower energy transform into a photon of higher energy through upconversion

(right).
Downconversion materials are also known as quantum-splitting or multiphonon-
emitting phosphors and are important to, amongst others, display and lighting
industries. Quantum-splitting phosphors that convert gamma and X-rays to visible light
are known as scintillators and play an important role in detector systems where their

emitted light is used by photosensitive devices.

As previously mentioned, upconversion materials have many use-cases. Both up- and
downconversion materials can be made by rare earth metals, and fluorides are not an

uncommon form to find them in [39].



1.5 Previous Work with LnFz and Upconversion

Lanthanide fluorides have been used for upconversion before, but has not been
explored much with ALD. This subchapter will present an overview the most relevant
work done on lanthanide fluorides for upconversion and as thin films, as well as provide

an overview of upconversion thin films and organic sensitization in these.

1.5.1 LnFs Nanoparticles for Upconversion

Lanthanide-doped fluoride nanoparticles for upconversion often consist of a core-shell
structure [40-42]. Here, the activator ion is generally in the core of the nanoparticle,
while the absorbers/sensitizers, often Yb3*, are located in the shell. By separating the
optically active ions with an inactive host lattice material, concentration quenching can
be prevented. LaFs nanoparticles doped with various Ln3* were investigated by
Stouwdam et al. and showed good tuning of emission wavelength by changing the
dopant [43]. By using Yb3* as sensitizer in LaFs:Er®*, they managed to increase the
Er3* emission by 20%. Nanoparticles of lanthanide-doped NaYFs are rather popular
being one of the most efficient upconverting materials known [40]. These particles have
been studied by attaching various ligands and surfactants for controlling and studying

their activity with various sizes and morphology [44].

Upconversion nanoparticles often struggle with low efficiency, with effects from size
and surface being more impactful than for bulk materials [45]. A way to increase this
efficiency is by using organic molecules that can better absorb the incoming light.
However, this approach has been proven difficult as there is little control the density of
organic molecules on the particle surface, and they show low stability [11].
Nanoparticles also struggle where the activator is in the core of a core/shell
nanoparticle, as the emitted light must travel past the absorbing layer. This is not a
problem in thin films, as the absorbing layer can be placed on either side of the
structure, and transparent substrates can be used [12]. The work of Hansen et al.
showed that optical conversion materials can be deposited as thin films with ALD, and

also shows promise with organic dyes as sensitizers to increase the absorption [15].



1.5.2  Thin Films for Upconversion

Upconversion thin films have been synthesized before with various techniques, but is
not widely explored with ALD [46]. As examples, pulsed laser deposition (PLD) has
been used to deposit LaEr(MoOa4)s thin films with upconversion from near infrared
(NIR) to visible light [47]. Using molecular beam epitaxy (MBE) LaFz:Nd3** has
upconverted NIR to UV [48]. Other methods include spin-coating, which have been
used to create some lanthanide-doped thin films and were able to avoid the
deteriorating heat treatment that typically leads to clustering of the lanthanides and
concentration quenching [49]. ALD has been used to create luminescence with Er-

doped Al20s3 thin films [50], though organic sensitization with ALD is not widely used.

1.5.3 Organic Sensitized Upconversion Thin Films

There has been done work on organic sensitizers in lanthanide luminescence systems
[51]. Organic sensitization for thin films using ALD not deeply explored but is gaining
traction. Gieraityte et al. has reported blue, red and red upconversion using a hybrid

Ln-pyrazine thin film [52].

There is some experience in our research group, where Hansen et al. has shown
promise with the development of a multilayered organic-inorganic nanocomposite with
successful aromatic sensitization. [15]. Luminescent films using Th-doped TiO2 were
made with terephthalic acid as sensitizer for downshifting, but no transfer between was
obtained [53]. Sgrensen worked on our same upconversion system with perylenes as

sensitizer, but did not observe any luminescence [12].



2 Theory and Methods

This chapter provides an overview of the optical properties of lanthanides, along with
the transfer mechanisms of the proposed upconversion system. The theory of ALD,
the deposition technique of choice, will be explained, and the relevant aspects of the

characterization methods used in the project will be presented.

2.1 Optical Properties of Lanthanides

Lanthanides are good candidates for upconversion of photons, as previously alluded
to in 1.2. The 4f-orbitals of these elements contain optically relevant electronic states
that are not bonding, as outer shells of 5s and 6s shield the 4f-orbitals [Ronda
(luminescence-book)]. This results in f-orbitals that do not change with its
surroundings. As a consequence of this, lanthanides also have sharp absorption- and
emission lines. This, combined with their environmental insensitivity, makes them

suitable as phosphors when used as dopants in other materials.

The f-f transitions in lanthanides are parity forbidden according to the Laporte rule since
the transition does not lead to a change in symmetry. However, the transitions become
partially allowed due to small shifts in the ligand field that give rise to asymmetry. These
shifts are quite small due to the lanthanides’ insensitivity to their environments. Partially
allowed transitions leads to long enough lifetimes to allow energy transfer to occur
rather than losing it to multi-phonon relaxation, but also means that lanthanides have
weak absorption. Figure 2.1 shows an energy level diagram for the lanthanides with

luminescent properties relevant for upconversion.
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Figure 2.1: Partial energy level diagram of lanthanide ions commonly used for upconversion. Typical
radiative transitions are highlighted. From [54].

To optimize our system, it is useful to know the mechanisms that may lead to
upconversion, and the alternative mechanisms that rather lead to non-radiative loss.
The theory for such mechanisms is well described by [39] and [9]. A brief extraction is
given in the following subchapters.

2.1.1  Efficiency- and Loss Mechanisms
The Quantum Efficiency of a photoluminescent system is given as the number of

photons generated per incoming photons and is given in Equation (2.1).

(1-nhv]
r’:

ﬁEg .r’tr’actr’esc (2'1)

where r is the backscatter coefficient, accounting for photons that are scattered by the
surface do not enter the material, hv is the average photon energy of the emitted
photons, BEg is the energy needed to create an electron-hole pair, n: is the efficiency
of the transfer from sensitizer to activator in a photoluminescent system, nac is the
quantum efficiency of the activator and nesc is the probability that generated photons

will escape the material.
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The quantum efficiency includes all possibilities for interactions of an incoming photon
with the material, and includes the following mechanisms for loss:

1. The absorbed energy is not transferred to the luminescent ion (1)
2. The energy is transferred, but leads to non-radiative decay (Nact)
3. The generated photon is reabsorbed by the system (nesc)

The first mechanism for loss arises when energy absorbed by the sensitizer is lost
rather than being transferred to the activator. It can for example be re-emitted or
guenched before transferring. By ensuring that our sensitizer ion emits at wavelengths
that our absorbing ions can absorb and adjusting the distance between them we can

minimize this loss.

The second mechanism comes from cases where the energy that reaches the activator
is not emitted. It can for example be lost to multiphonon relaxation, concentration
guenching or absorption by an impurity. The loss can be minimized by choosing a host
lattice with low phonon energies and activator ions with large enough energy gaps to
avoid multiphonon relaxation. Generally, this energy gap should be wider than he
energy of 5 phonons, which shows that low phonon energies will allow for a wider
selection of activator ions. Controlling the concentration of activator ions and avoiding
impurities will work positively on avoiding concentration quenching and unwanted

absorption.

The third mechanism can be minimized by choosing a host lattice that does not absorb
at the same wavelengths as the generated photons. This is normally not a problem for
lanthanide systems, as they are weakly absorbing, but since we use an organic dye,
the likelihood increases, and we should make sure the organic dye does not absorb

the luminescence.

In order to promote energy transfers and avoid loss, understanding the mechanisms

behind transferring energy is beneficial.

12



2.1.2 Energy Transfer Mechanisms
For the absorbed energy to reach our activator and lead to luminescence we need the
energy to be transferred from the sensitizer and through the system.

Energy transfer can originate from either electrostatic or exchange interactions. Both
require an overlap in the emission and absorption spectrums for the sensitizer and the
activator ion, but only exchange interaction requires a physical overlap of atomic
orbitals. In coulomb interaction, the sensitizer transfers energy to the activator by
creating dipole or quadrupole oscillations at the activator. If Rsa is the distance between
sensitizer and absorber, a dipole-dipole interaction decays proportionally to Rsab,
dipole-quadrupole with Rsa® and quadrupole-quadropole with Rsal®. The ranges of
these interactions become 3.5, 0.8 and 0.2 nm, respectively. Where Exchange
interaction consists of a physical exchange in electrons. The sensitizer transfers an
excited electron to the activator, while the activator transfers a lower energy-state
electron in return. The energy transfer here is proportional to exp(-Rsa/L), with L being
determined by the van der Waals radii of the interacting ions. Due to this dependance,
the rate for exchange interactions drops very quickly when distance is larger than 1

nm. by These energy transfer mechanisms are visualized using energy diagrams in

Figure 2.2.
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Figure 2.2: Energy level diagram showcasing coulomb and exchange interaction. The stapled arrows
show the coulombic interaction between sensitizer (S) and absorber (A) ion.
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21.2.1 Energy Transfer in Upconversion Systems

The above energy transfer mechanisms are used in upconversion systems, but to
explain upconversion we need to look more specifically at how energy is transferred in
these systems. There are four main energy transfer processes that are important for
upconversion. Two of them relate to energy absorption, being ground-state absorption
(GSA) and excited-state absorption (ESA). In addition, there is energy transfer
upconversion (ETU) and cross-relaxation. An illustration of these is shown in Figure
2.3.
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Figure 2.3: Energy diagram showing four energy transfer mechanisms central in upconversion. From left
to right: ground-state absorption, excited-state absorption, energy transfer upconversion and cross-
relaxation. Adapted from [39].

In GSA and ESA an incoming photon excites an electron from the ground state or an
excited state, respectively, to a higher state. When a system has two ions in an excited
state, ETU can take place. Here, one of the electrons relaxes to a lower energy-state
while the other excites to a higher energy-state. Lastly, there is cross-relaxation. This
is a subgroup of coulomb interaction, where only part of the energy is transferred. It
functions as the reverse of ETU, as presented in the figure above. An electron at a
lower energy-state is excited, while an electron at a higher energy-state de-excites.
Since we do not excite an electron to a higher-than-original energy-state, cross-
relaxation is often unwanted. However, it can also be useful. In this project, cross-
relaxation is used for multiple of the energy transfers that move the absorbed energy

to the activator ion.

The project uses energy-migration-mediated upconversion (EMU). This is similar to
ETU, but the sensitizer and activator are separated by one or more types of ions. An

energy level diagram showing EMU is given in Figure 2.4. The ions in the system are
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divided into four parts: sensitizers, migrators, accumulators, and activators. The
sensitizer’s job is to absorb incoming photons. The migrator transports, or “migrates”,
the energy given from the sensitizer through the structure to the accumulator. Here,
the energy is accumulated by absorbing each incoming energy-packet and being
excited to constantly higher energies. This is hence the ion where the upconversion
takes place. The accumulator transfers its energy to the activator ion, which then emits
the resulting higher-energy photon. It should be noted that ions can inhabit more than

one role, and depending on the system, the energy is accumulated before it is

migrated.
T TN
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Figure 2.4: Schematic energy diagram showing energy migration-mediated upconversion where 1 is
sensitizer, 2 is migrator, 3 is accumulator, and 4 is activator.

2.1.3 The Upconversion System

The upconversion system planned in this work is given in Figure 2.5 together with how
we visualize the transfer of energy. The organic sensitizer is Qz, which will absorb the
incoming light. As an organic dye, Qz has a wide energy band, meaning it can absorb
broadband light for use in the upconversion process. The absorbed energy will be
transferred to a Nd3*-ion, which provides a better fit between the Yb3*-matrix and Qz
to contribute to a higher efficiency. Yb3* is a migrator and will transfer the energy further
on to Tm3*, which is both accumulator and activator. Here, the energy will be gathered
as the excited state is excited further up the ladder-like energy bands before finally
emitting as a high-energy photon. The ions will be separated by a certain distance of
YbF3 to avoid loss mechanisms from occurring. An illustration of this is given in Figure

2.6.
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Figure 2.5: Schematic energy level diagram of the different compounds in our upconversion system.
Incoming photons excite Qz. This energy is transferred to Nd3*, then Yb?*, before reaching Tm3*. Here the
energy accumulates up and finally emits a photon with higher energy than the incoming ones. Adapted

from [12].
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Figure 2.6: An illustration of our planned deposition layers for the system. 1, 150, n and m refer to number
of deposition cycles. The system will consist of x supercycles deposited within a matrix of YbF3. Adapted
from [12].
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2.2 Atomic Layer Deposition (ALD)

Atomic layer deposition is a thin film synthesis technique using reactions between the
gas phase and an active surface to grow compounds. In contrast to Chemical Vapor
Deposition (CVD) where multiple precursors can be introduced simultaneously and gas
phase decomposition can lead to growth on the substrate, ALD introduces its
precursors in a sequential manner. Each precursor is separated in time and space
using purging steps with inert gas to avoid gas phase reactions. In addition, each
reaction between surface and precursor is self-limiting, meaning that the precursor
does not react with its own adsorbed layer, hence it cannot grow more than a

monolayer.

ALD is performed at elevated temperatures in a vacuum system. The precursors can
be either solid, liquid or gas, but they all need to be volatile under the ALD conditions.
During this project we have mostly used solid type precursors in ALD, where the
precursors are sublimed by heating under vacuum. The precursor is carried into the
reaction chamber by an inert gas. Figure 2.7 shows the different steps in a single ALD

cycle, using H20 and TMA as precursors, with N2 as the inert purging gas.
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Figure 2.7: lllustration showing the cyclic character of ALD. Here highlighted using growth of Al2Os.
Adapted from [55]
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2.3 Characterization
This section presents the fundamentals of various characterization techniques used in

the project, from optical methods to x-ray based techniques and more.

2.3.1  Optical Characterization

2.3.1.1 Spectroscopic Ellipsometry (SE)

Spectroscopic Ellipsometry is an optical non-destructive spectroscopy technique sued
to characterize thickness, roughness, and refractive index (n) of transparent and
absorbing thin films. The technique can determine the optical properties of films with
thickness between 0.1 nm - 200 ym by using linearly polarized light. The beam of light
is converted to elliptically polarized light when scattered off the sample, and a detector
equipped with a polarization filter measures the beam’s change in phase and

polarization. Figure 2.8 shows a sketch of the technique’s basic principles.

Linearly polarized light Elliptically polarized light

p-plane p-plane

s-plane

s-plane

Sample

Figure 2.8: Sketch showing the basic principle of spectroscopic ellipsometry. Incoming linearly polarized
light becomes elliptically polarized upon scattering from the sample. Adapted from [56].

Upon fitting the data to an optical model, the film’s characteristics can be obtained. The
Cauchy model is one such model that can be used on non-absorbing films. Other
models must be used to model absorbing films, such as oscillator theory. Here, the
dielectric polarization caused by incoming light is modelled using various oscillators,

for example Gaussian, Harmonic and Lorentz oscillators [57].
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2.3.1.2 Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier — Transform Infrared Spectroscopy (FTIR) is a spectroscopy technique that
utilizes infrared light to excite vibrations in a sample. FTIR is only sensitive to vibrations
that induce a change in dipole moment. An overview of such vibrations can be used to
determine how the bonds are structured in a thin film sample. Where a dispersive
technique gathers signals for different wave numbers (frequencies) separately, FTIR
uses a Fourier transform method to obtain the signals for these wave numbers at the

same time [58].

2.3.1.3 Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis is an optical characterization technique that uses broadband ultraviolet, visible
or near infrared light. This light passes through or onto a sample, where some of the
photons will be absorbed by the material and induce electronic transitions. By

measuring the remaining light, one can gain information about these transitions.

UV-Vis is generally used to measure transmitted light (T) and reflected light (R) and is
combined to determine the absorbed light (A) of the material investigated using
Equation (2.2).

A=1-T-R (2.2)
In contrast to FTIR, UV-Vis is a dispersive technique, where, using a prism or grating
that disperses light, the signal is detected by scanning through wavelengths

sequentially.

When performing a measurement, it is normal to measure a reference to determine a
baseline for the relative response from the sample. For transmittance, the reference is
air, while for reflectance a BaSO4 standard is frequently used due to the near 100%

reflectance.

2314 Photoluminescence Spectroscopy (PL)

Photoluminescence spectroscopy (PL) is an optical characterization technique. Like
for UV-Vis, PL uses a light source, typically of UV or visible wavelength, to illuminate
a sample. The light that is absorbed can lead to electron excitations that again can

lead to photon emission from the sample (photoluminescence) once the electrons de-
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excite again. Due to loss mechanisms such as phonon vibration, the emitted
wavelengths are longer than the incoming ones, known as a Stokes shift. Where UV-
Vis often uses broadband light and observes the remaining light to gain an absorption
spectrum, PL commonly uses LEDs or other monochromatic light sources. Rather than
recording the reflected light, it records light emitted from the sample to report the
photoluminescent activity. Since PL gives an emission spectrum, we often want to omit
the light from the excitation source. This is frequently performed by using various
optical filters, such as a long-pass filter which only transmits longer wavelengths above
(lower energy) a certain value. A long-pass filter for 400 nm, for example, would block
all light with a wavelength shorter than 400 nm.

PL uses a light source, prism or grating to disperse light, and a detector. The light
source is either a photon diode, xenon lamp or laser. A simplified schematic of a PL

setup is given in Figure 2.9.

Light Source  gpectrometer

Filter

Sample

Figure 2.9: A schematic illustration showing PL spectroscopy. A light source emits light on a sample,
which then emits luminescent light that is caught and passed through a filter before reaching a
spectrometer.
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2.3.15 Cathodoluminescence Spectroscopy (CL)

CL uses a high energy electron beam to excite a sample. The electrons scatter
inelastically, causing a plethora of energy transitions in the sample. These transitions
can lead to photon emissions giving rise to a wide emission spectrum. One can assume
that doing CL will excite all possible transitions, allowing to detect impurities and
different compounds from analyzing the spectra. The high energy from CL also allows

to see transitions that PL would not be able to excite.

2.3.2 X-Ray Characterization

X-rays are commonly used in characterization of materials. They are normally
generated by excited states from deaccelerating high energy electrons, so-called
bremsstrahlung, or “braking radiation”. This project uses X-Ray Diffraction (XRD) and

X-Ray Reflectivity (XRR) to analyze thin films.

23.2.1 X-Ray Diffraction (XRD)

XRD is a technigue where scattering of X-rays is used to examine the crystal structure,
or lack of such, in a sample. As X-rays illuminate the sample, they scatter when
interacting with atoms. For amorphous samples, coherent scattering is not possible,
while the repetitive pattern of rows and columns in crystalline samples gives rise to
constructive interference and distinct peaks in a diffraction pattern. This is best
visualized using Bragg’s Law, which shows how these angles are related to the
distance between columns of atoms. An X-ray incoming at an angle 6, will scatter out

with the same angle 6.

A schematic showing diffraction is given in Figure 2.10.
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Figure 2.10: A schematic showing the Bragg condition.

Using the figure above, one can see that the X-ray interacting with the lower column
travels an extra path length, denoted by the two x’s. This path length related to the
incoming angle, 6, and the lattice distance, d, through trigonometry, giving rise to the
definition of Bragg’s Law [58] as given in Equation (2.3) with multiplicity n and

wavelength A.

nA=2dsin @ (2.3)
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2.3.2.2 X-Ray Reflectivity (XRR)

XRR is a technique where X-rays reflect from a thin film. The X-rays reflect on the top
and bottom of a sample’s interfaces causing interference. This leads to the formation
of oscillations known as Kiessig fringes [59]. The fringes allow us to gain insight into a
thin film as they change depending on the density, thickness and roughness of the film.
Increased density leads to increased incident angle before drop-off, increased
thickness leads to higher oscillation frequency, and increased roughness increases the
dampening of the oscillations. An illustration of a typical XRR spectrum is given in
Figure 2.11.

Density

Roughness

Log(Intensity (counts))

Incident angle (deg)

Figure 2.11: lllustration of an XRR spectrum. The annotations show the features that are used to measure
density, thickness and roughness.

2.3.3 Atomic Force Microscopy (AFM)

AFM is a microscopy technique used to probe and map surfaces on the micro- and
nanoscale. It is a type of Scanning Probe Microscopy (SPM), and utilizes a sharpened
tip, that scans across the surface. The AFM instrument detects near-field forces
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between the tip and the sample. There are several types of near-field forces, such as,
van der Waals and electrostatic forces. A key element of the AFM is how the cantilever
functions as a microscopic force sensor. The tip is located at the end of the cantilever,
and the detection of near-field forces is measured by deflection of a laser light
illuminating the cantilever [58]. A schematic illustration of the AFM principle is given in
Figure 2.12.

Laser

Detector

Cantilever

Sample
Figure 2.12: An illustration of how an AFM signal is formed.
AFM can provide insight into the topography of a surface by creating an image of the
raster scan. The surface roughness and its shape can support ideas on whether the
surface is amorphous or crystalline. One central parameter is the surface roughness.
We utilize the Root Mean Square (RMS) roughness, Sq, which is defined in [60] and
given in Equation (2.4) .

1
R
Sq=N;(z,--z)2 (2.4)

Where N denotes the number of height values of the measurement, z, denotes the i-

th height value, and z denotes the mean height in the measurement.
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2.3.4  Quartz Crystal Microbalance (QCM)

QCM is an in-situ technique used for characterizing growth mechanisms of thin films.
It relies on the physics of a piezoelectric quartz crystal and its resonant frequency. A
piezoelectric material vibrates with a natural frequency that can be measured. The
resonant frequency of this vibration changes with the total mass of the crystal, enabling
us to detect any deposition that occurs directly on the crystal. The Sauerbrey’s
equation [61], provided in Equation (2.5) below, shows the relation between change in

mass and frequency.

2f2Am
A+lip

Af is change in resonant frequency, fo is the resonant frequency for the crystal before

Af= (2.5)

coating, Am is mass change, A is crystal area, u is shear modulus and p the quartz

crystal density.
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3 Experimental

This chapter contains traceable information about the precursors and experimental
methods that were utilized. Firstly, the preparation of ethanol solutions of Qz and ions
will be explained. Then, synthesis of the thin films and the setup for this, before diving

into the characterization of the structures and their optical properties.

3.1 Ethanol solutions

An overview of the compounds used for ethanol solutions is given in Table 3.1. The
compounds were weighed out using a Mettler AT200 laboratory weight (d=0.01 mg)
before being dissolved in ethanol. Upon use, small amounts of these solutions were

transferred to glass containers using Finnpipette pipettes.

Table 3.1: List of compounds used in ethanol solutions, with purity, CAS number LOT number and

supplier.
Compound CAS number | Purity Product LOT Number | Supplier
Number
Ethanol 64-17-5 299.8% 20821.330 Multiple VWR
bottles Chemicals
AlCl3 7446-70-0 97% 3373-100 KEBOLab
YCls- 6H0 10025-94-2 99.99% 464317 MKBQ5485V | Sigma
Aldrich
Hthd 1118-71-4 >98% 155756 BCBJ5218V | Sigma
Aldritch
Yb(thd)s 15492-52-1 99% 70-0100 27296300 Strem
Chemicals
Y(thd)s 15632-39-0 >98% 39-1000 34690100 Strem
Chemicals
Nd(thd)s 15492-47-4 99% 60-8750 A7762079 Strem
Chemicals
Al(acac)s 13963-57-0 99.999% | 674753 0000053081 | Sigma
Aldrich
Qz 81-64-1 96% Q906 BCCB1275 Sigma
Aldrich
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3.2 Deposition of Fluoride Thin Films

3.2.1 Atomic Layer Deposition

Thin film depositions were performed using an ALD reactor constructed at the
Department of Chemistry UiO. The reactor is based on the design of an ASM
Microchemistry F-120 reactor. A schematic of the reactor and its eight temperatures

zones is given in Figure 3.1.

Figure 3.1: Schematic showing the ALD reactor with temperature zones, exhaust tube, reaction chamber
and precursor tubes containing Yb(thd)s. Adapted from [56].

Each zone is heated by its own heating coil and is separated by a metal sheet to
provide a certain amount of insulation between them. The temperature zones from 1
to 5 are used for subliming the precursors. Usually, only zone 1 to 4 is used for this,
but Nd(thd)s was moved to zone 5 due to many precursors requiring different
temperatures. The reaction chamber is in zone 6 and 7, and zone 8 is used as a control

zZone.

To provide vacuum, a set of two vacuum pumps are utilized, all shared by the four
reactors of the research group. The smaller one, Pfeiffer Vacuum Duo 10, is used to
evacuate the reactor from ambient pressure to ca. 10 mBar, while the larger pump,
Pfeiffer Vacuum Okta 500 M, brings the pressure further down and maintains it at ca.
5 mBar during deposition. An N2-Sirocco-5 was used as an external N2-source, with

an N2 5.0, Nippon Gasses gas bottle as backup.
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3.2.2 Precursors
An overview of the precursors used for ALD deposition is given in Table 3.2, in addition
to Nd(thd)s, Yb(thd)s, Y(thd)s and Qz from Table 3.1. To confirm that the reactor was
working optimally we also deposited a set of standard thin films of Al2O3 using Al(CH3)s3
and Type Il H20.

Table 3.2: List of precursors used in ALD deposition, with purity, CAS number LOT number and supplier.

Precursor | CAS Purity Product LOT number | Supplier
number number

NH4F 12125-01-8 | =299.99% | 338869-100G @ S34814 Sigma-Aldrich

Tm(thd)s | 15631-58-0 @ 98% 69-7000 26450800 Strem Chemicals

3.2.3 Substrates

The project used multiple substrates, each with their own purpose. They are listed in
Table 3.3, and Figure 3.2 shows their standard positions in the reaction chamber. The
glass plates were washed in ethanol and blow dried. Silicon, fused silica and sapphire
substrates were cleaned with dry cleaning wipes and blow dried to remove dust. The
electropolished steel substrates were covered in protective tape on arrival, and these
surfaces are considered clean upon removing the tape. The substrates were given ID
by scratching patterns on their backside. The silica, sapphire and glass substrates
were included in depositions where UV-Vis measurements were intended.
Electropolished steel was included for depositions where FTIR was intended. The
silicon substrates were included in all depositions, generally as 1x1 cm? substrates
placed on either end of the 5.1 x 7.6 cm? glass plate, and at times longer (1 x 5 cm? -
1 x 7 cm?) strips were used along the flow direction to observe gradients along the

flow, and from side to side by placing one on each side of the glass plate.

Table 3.3: Substrates used for ALD.

Type of substrate Information Supplier

Silicon Single crystal Si(100) University Wafer
Fused Silica (SiO2) University Wafer
Electropolished Steel Rimex Metals Group
Glass (SiO2) Microscope coverslips Chemi-teknik AS
Sapphire Single crystal Al203(111) | University Wafer
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Figure 3.2: lllustration of the reaction chamber seen from above. The substrates were placed on a glass
plate. From left to right: grey substrates are silicon, light blue is fused silica, blue is sapphire, and black
is electropolished steel. The annotations: OC, MC, and IC denote the standard naming convention for
each location on the glass place.

3.2.4  Parameters

All depositions occurred at pressures between 1.7 and 2.9 Torr. Standard depositions
were performed at 175 °C for 1000 cycles (250 cycles for Qz-films) with the
temperature zones heated as shown in Table 3.4. Most all depositions used nitrogen
flows of a total of 500 sccm to guide the precursor flows. The sublimation temperatures
for each precursor were adopted from [22], with the sublimation temperature of Y(thd)s
being from [12] and Qz from [13]. The temperatures used for each precursor can be
found in Table 3.5.

Table 3.4: Temperature for each zone in the ALD reactor.

Zone 1 2 3 4 5 6 7 8
Temperature [°C] | 80 100 125 130 155 175 175 175

Table 3.5: Overview of precursors and their temperatures during deposition.

Precursor NH4F | Nd(thd)s | Tm(thd)s Yb(thd)s  Y(thd)s | Qz
Temperature [°C] | 80 155 125 125 130 125
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3.3 Characterization
This chapter provides an overview of how the various characterization techniques were

performed, and equipment used.

3.3.1 Spectroscopic Ellipsometry

To determine the thickness, roughness, and refractive indexes of the thin films, we
used a J.A. Woollam alpha-SE ellipsometer. The measurements were performed at an
incident angle of 70 ° and for wavelengths between 380 and 900 nm. The refractive
index was noted at 632.8 nm for all samples. Complete EASE version 4.92 from J.A.
Woollam was used to model the optical properties. The Cauchy function was used as
standard approach for the transparent films. For the absorbing films with Qz, the
properties were modelled using wavelengths between 700 and 900 nm using the same
model. This is a range of wavelengths were Qz is considered transparent, and hence
allowing for use of the Cauchy function. For a selection of Qz-containing films, a
custom model using Gaussian and Lorentz-oscillators was created and used in
conjunction with the standard Cauchy model, to ensure the results were accurate. This
because a narrower selection of wavelengths decreases accuracy and increases
uncertainties. However, as the Cauchy model and custom model estimated similar
results, the Cauchy model proved accurate enough for our needs. For estimating
errors, investigations of fit parameter uniqueness for thickness found that an error of

+0.1 nm was reasonable.

3.3.2 Fourier-Transform Infrared Spectrometry

A Bruker VERTEX 70 FTIR spectrometer was used in reflection mode to acquire the
FTIR spectra. All measurements were performed using electropolished steel
substrates, using a clean substrate for measuring the background. The data were

further treated using the software OPUS version 7.0 from Bruker.

3.3.3 Photoluminescence Spectroscopy
To perform PL spectroscopy, we used an Ocean Insight FLAME miniature
spectrometer for the UV-Vis range (200 — 900 nm) and an Ocean Insight NIRQuest

Near-Infrared spectrometer for the IR range (900 — 1700 nm). The setup consisted of
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multiple Ocean Insight UV and visible LEDs as light sources often combined with long-
pass filters from Newport to remove the LED light from the measured signal. We also
used Ocean Insight’s solarization and extreme solarization resistant fibers. The setup
was used to measure fluorescence as well as UV-Vis transmission and reflectivity,
though we mainly used the dedicated UV-Vis setup mentioned in 3.3.4 for this purpose.
All data were recorded using the software OceanView 2.0 from Ocean Insight, before

further evaluation using Python 3.10.2 [62].

3.3.4 UV-VIS Spectroscopy

UV-Vis measurements were performed with a Shimadzu UV-3600 Photospectrometer
operating between 200 and 1700 nm. For the UV area of the spectrum a D2 lamp was
used, while a halogen lamp was used for visible and NIR wavelengths. There were two
detectors used, an InGaAs photodiode for 900 — 1700 nm, and a photomultiplier tube
for 180 — 900 nm. To record data, we used the software UVProbe version 2.43 from

Shimadzu.

3.3.5 Cathodoluminescence

Cathodoluminescence was performed on a JEOL JSM-IT300LV Scanning Electron
Microscope at UiO MiNaLab. The microscope uses a thermionic-emission LaBs
electron gun and is equipped with a Delmic SPARC Cathodoluminescence system
detector. The measurements were performed by Jon Borgersen at MiNaLab, and data
obtained was evaluated using Python [62].

3.3.6 X-Ray Diffraction

For the XRD measurements we used a Bruker AZS D8 Discover in Bragg-Brentano
mode, performing 8-26 scans. The instruments is equipped with a Ge(111) Johanssen
monochromator, a Lynxeye detector and a 90 position sample changer. The instrument
uses Cu Kaz radiation to scan samples. We performed 6-26 scans from 2° to 60° and
varied the time scale from 1 to 10 depending on required resolution. the data was
analyzed in DIFFRAC.EVA Version 6.0.0.7 from Bruker.
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3.3.7 X-Ray Reflectivity

A Panalytical Empyrean diffractometer with Cu radiation was used to perform the XRR
measurements. It has both a PixCel 2x2 and scintillation counter detector, the latter
one being used to perform XRR. The data was evaluated using the software X'Pert

Reflectivity 1.3a from Panalytical.

3.3.8 Atomic Force Microscopy

To perform AFM, we used a Park Systems XE-70 atomic force microscope. The
instrument was placed inside an anechoic box and on top of an anti-vibration stage to
reduce the disturbance caused by external vibrations during the measurements. All
measurements were performed on samples on silicon substrates in non-contact mode
with a non-contact high-resolution tip from Park Systems and a scan rate of 0.5 Hz. To
analyze data, we used the software Gwyddion version 2.60 [63].

3.3.9 Quartz Crystal Microbalance (QCM)

The QCM setup used to study growth in-situ was made by Ola Nilsen at the
Department of Chemistry. Two a-quartz crystals of 6 MHz with gold contacts from
Inficon were separated by 5 cm on a holder in a customized reaction chamber. The
signal was recorded by an SQM-160 Inficon system and logged using a homemade
Arduino-chipset. The data obtained was evaluated using a Python program developed

by Ola Nilsen.
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4 Results

This section presents results obtained from the experiments performed and is divided
into four parts. The first part investigates the eligibility of Qz as a sensitizer. Then, the
structural and optical properties of Ln2Qzs films will be presented, before presenting
results from LnFs films. Lastly, results obtained from investigating Qz-doped LnFs films

will be shown.

4.1 Eligibility of Qz
The project builds on the idea that Qz can work as a sensitizer in a solid structure. This
is not certain, but hard to disprove. A sensitizer is a good absorber that also can
transfer the absorbed energy to other parts of the system. We know that luminescence
can change when going from liquid to solid and vice versa. Still, investigation of
solutions will give valuable insight into the interaction between Qz and the cations in
our system. Preliminary investigations were therefore performed by creating liquid
solutions where the optical activity could be characterized. Al was included as Al2Qzs

has been recently investigated [13].

4.1.1 Ethanol solutions

To investigate the interaction between Qz and the various cations, ethanol solutions of
these cations were prepared. Each solution was 5 mL and contained 10* M Qz and
10 M of the cation compound, with a sample of pure ethanol included as a reference.
The compounds investigated were AICIs, YCIs, Nd(thd)s, Y(thd)s-H20, Yb(thd)s and

Al(acac)s.
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4.1.1.1 PL of solutions
Each solution was visually inspected under UV and visible light. Pictures of the

solutions are given in Figure 4.1.

Ethanol Qz  AICl, YCI,-6H,0 Yb(thd), Y(thd), Nd(thd),Al(acac),

Figure 4.1: Pictures of ethanol solutions taken under visible light (a) and UV (b-d). b) 365 nm c¢) 302 nm
and d) 254 nm. All but the left-most sample contain Qz.

To quantify the luminescence more accurately, PL measurements were performed on
each sample using a 365 nm excitation source with a 435 nm long-pass filter. The
integration time was 500 ms with results being averaged over 10 measurements. The

PL spectra are given in Figure 4.2.
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Figure 4.2: PL spectra of different ethanol solutions using a 365 nm excitation source with a 435nm long-
pass filter. The annotated value shows the maximum value of each measurement.

The visual inspection indicates that the Cl-solutions luminesce quite well, whereas the
thd-solutions do not show any noticeable activity, though Y (thd)s-6H20 does luminesce
weakly. This is confirmed through the PL spectra. The Al(acac)s-solution is weaker in
intensity than the AlCIs-solution, yet still much more active than the thd-solutions, even
more so than YCls. Nd3* and Yb3* luminesce in the NIR region, but no activity was
found through PL with an NIR detector. The decreased activity from thd-solutions made
us wonder if the large thd-molecule was quenching the luminescence, either through

steric hinderance or by absorbing the energy from Qz and decaying non-radiatively.
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41.1.2 Ethanol solutions with Hthd

To gain a better understanding of thd’s effect on the luminescence, new Qz- and
Y (thd)s-6H20-samples were prepared. To these we added Hthd to a concentration of
103 M. These solutions were inspected visually under visible and UV light. Pictures of
these solutions, together with ones not containing Hthd, are given in Figure 4.3.

Qz Qz+Hthd YCl YCl+Hthd

Figure 4.3: Pictures of ethanol solutions comparing intensity with and without Hthd present. YClz is
YCl3-6H20.

The luminescence under UV is vastly different in intensity, with the solutions containing
Hthd being much weaker under the shorter wavelengths. This indicates that thd in fact
is quenching the luminescence of the solution somehow, and likely shift the
luminescence as there is a color difference between Y(thd)s-6H20 with and without
Hthd.
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Overall, we observe that our Y3*-solutions do luminesce. This indicates that Y2Qzs has
the possibility to work as a sensitizer in our thin film system, provided that it also

luminesces when condensed as a solid film.

4.1.1.3 Drying of solutions

Some amounts of AICI3 and Qz were dissolved in ethanol and allowed to dry. The same
was performed for YCl3-6H20 and Qz. After drying, the remaining powders were
scraped together and investigated under a UV lamp, and no luminescence was

observed.

4.2 Deposition of Ln2Qzs

With preliminary investigations of Qz luminescence complete, the work on depositing
thin films could begin. When creating an upconversion system, controlling the distance
between ions is crucial to maximize efficiency. Sufficient knowledge about the
properties of Ln2Qzs thin films is therefore important. This subsection investigates the
properties of Y2Qzz and Y2Qzs films using QCM, XRD and XRR for characterization of
the growth and its structure. FTIR, UV-Vis and PL was performed to understand the
optical properties of the films. SE was used for characterization both of growth and
structure through thickness and roughness, while also being used to measure index of
refraction. The films were as a standard deposited at 175 °C using 250 cycles. The
standard cycle for Y2Qzzwas 2s/1s/3s/1sfor Y(thd)s / purge / Qz / purge, while
Yb2Qz3 had 3 s for the Yb(thd)s pulse.

4.2.1 QCM of Y2Qzz from Y(thd)s and Qz

Y2Qz3 was investigated using QCM to characterize the growth and optimize pulse and
purge times. The QCM responses for pulse and purge cycles are given in Figure 4.4.
The response is normalized with respect to the response of an average buffer cycle
and is converted to mass per area through film density measured by XRR. The XRR
results were not ideal, so the density, and as such the mass, is likely higher. A

calculation is presented in the Appendix (Appendix A:l).
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Figure 4.4: QCM response with varied pulse and purge parameters for Y(thd)3 and Qz at 175 °C. The QCM
response is normalized in regard to the response of an average buffer cycle (2s/1s/3s/1s). The
measurement of density with XRR was not optimal, so the QCM responses are likely slightly larger.

The data shows that Y(thd)s saturates at two to three seconds, with a small delay
between the inlet and outlet. Qz saturates around two seconds as well. The purges are
quite stable already at one second. This indicates that the chosen standard cycle was
within sufficient range, though increasing the Y(thd)s pulse to 3 s would increase the
likelihood of full saturation, as 2 s is right on the cusp of saturation. The discrepancy
between inlet and outlet could be due to turbulence in the chamber and inlet was

decided to be the more trustworthy measurement.

An average long run for this QCM measurement is given in Figure 4.5. It shows the
mass increasing during pulses and decreasing somewhat during purges. The signal
oscillates with a period of around 1 s (1 Hz), but they are small enough in amplitude to
not disturb the overall shape of the graph. The oscillation is attributed to the heating
elements affecting the QCM signal when turning off and on while regulating the
temperature. There are dips for the purges, that correspond well with desorption of
physiosorbed reactants. In addition, we observe a negative response after saturation

for the Qz pulse and the two purges.
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Figure 4.5: Average of 25 QCM long cycles for Y2Qzs growth. Pulses are in white, while purges are in gray.
Each step is named with their precursor and duration.

4.2.2 FTIR of Y2Qzs

FTIR was performed for a sample of Y2Qzs on an electropolished steel substrate. The
results are given in Figure 4.6, together with Qz powder and Al2Qzs film. The results
show similarities between the powder and the Qz-films, indicating that Qz is part of the

structure, and intact.
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Figure 4.6: FTIR data showing reflectance for a sample of Y2Qzs deposited with 1000 cycles on an
electropolished steel substrate. Al2Qzs was measured on a steel substrate and is obtained from [13]. Qz
powder was measured in KBr pellets and was obtained from [64]

4.2.3 PL of Ln2Qz3
PL was performed with both UV-Vis and NIR detectors on samples of Y2Qzs and
Yb2Qzs, as well as inspected visually under UV light, and no luminescence was

observed.
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4.2.4  UV-Vis of Ln2Qz3

The transmission and reflectivity of Y2Qzs and Yb2Qzs was measured using UV-Vis,
and the data for each was combined as given in Equation (2.2) to calculate their
absorption. This is given in Figure 4.7 together with pure glass, and a solution of 103
M Qz in 5mL ethanol.
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Figure 4.7: Absorption from UV-Vis of a sample of Y2Qzs with 1000 cycles on a glass substrate, a sample
of Yb2Qzs with 250 cycles on a silica substrate, a sample of clean glass and a solution of 10 M Qz in 5
mL ethanol. The data marked with * was calculated using 1-T. The data for the solution was averaged over
five data points to reduce noise.

The data shows absorption in the UV, though some of this is attributed to the glass
substrate for Y2Qz3, as this absorbs in UV. It looks like there are three peaks in the

visible spectrum: around 520, 550 and 600 nm. We also observe a red-shift for the

absorption going from uncoordinated Qz in solution to metal-coordinated Qz in film.
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4.2.5 Temperature dependence on growth of Yb2Qzs
With Y2Qzs being well understood, we decided to determine the growth and structure
of Yb2Qzs, as they seem to grow similarly. Growth of Yb2Qzs was investigated for

deposition temperatures between 175 °C and 300 °C, all with 250 cycles.

4251 GPC
The growths of Yb2Qzs were investigated using SE. The GPC of these films are given

in Figure 4.8 and show a decrease in growth rate with increasing deposition

temperature.
T T T T T T T T \ T T T |
B SE Inlet
1.0~ SE Middle
i SE Qutlet |
08 .
g 0.6— B
> | il
[a
T i
04+ .
02+ .
0 O | | | | | | | | ‘ | | | | | | ‘ | | ‘ | | | |
: 180 200 220 240 260 280 300

Deposition temperature [°C]

Figure 4.8: GPC of Yb2Qzs vs. deposition temperature. The individual error is smaller than the data
markers, and the real error is visualized through including three data points per temperature. The stapled
line shows a 15t degree polynomial fit based on the average values.
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4.25.2 Roughness
Roughness was characterized using SE, with XRR and AFM at 175 °C, and the results

are given in Figure 4.9.

] T T T T T T T | T T T [ H
i SE Inlet |
7 SE Middle ]
B SE Outlet
i AFM 1
6 XRR u
5- .
e L ]
E‘ - -
g4r- -
c
c L i
D - a
3 - i
o 3? 7
2- -
1 .
077\ | ‘ | | ‘ | | | | | | | | | ‘ | | | | | | | I %
180 200 220 240 260 280 300

Deposition temperature [°C]

Figure 4.9: Roughness of Yb2Qzs vs. deposition temperature.

At low temperatures, there is an observable roughness that disappears for depositions
at 225 °C and above. The low roughness could point towards an amorphous structure,
with an ordering at lower temperatures. Since the roughness measured by AFM and
XRR is so low, the high values from SE may be misleading.
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4.2.5.3 Topography
AFM was performed to investigate the topography and determining surface roughness.
In Figure 4.10, an image is given for 175 °C, and shows what resembles crystalline

growth, with an overall low roughness.
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Figure 4.10: 2-:2 um? AFM image of Yb2Qzs deposited at 175 °C.
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4254 Crystallinity

Thin films of Yb2Qzs deposited at different temperatures were investigated by XRD to
determine the film crystallinity. The resulting diffractograms are given in Figure 4.11,
and all show amorphous character for all of the deposited films. Though, there is a
small bump around 10° that that could reflect a local ordering This disappears for

deposition about around 225 °C.
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Figure 4.11: XRD spectra of Yb2Qz3 thin films deposited at temperatures between 175 °C and 300 °C.
Each measurement is staggered, so intensities are not comparable.

4.2.6 Films

Multiple films of Y2Qzs and Yb2Qzs were deposited. The same Qz precursor was used
multiple times without observable changes in growth or visible changes to the powder,
indicating it did not decompose. The deposited films show a pink color for low
thicknesses with purple for thicker films. Table 4.1 compares two standard films

deposited at 175 °C using 250 cycles. The growth rate is high, and the films are quite
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even, with 7% difference between inlet and outlet for Y2Qzs and 14% difference for
Yb2Qzs.

Table 4.1: Film thickness, mean growth rate per cycle, mean roughness and mean refractive index of
Ln2Qzs thin films.

Sample Film thickness [nm] Growth rate Roughness | Refractive
[Alcycle] [nm] index
Inlet | Center @ Outlet
Y2Qzs3 875 | - 81.3 3.4 7.0 1.97
(ETN4014)
Yb2Qzs 104.8 95.3 91.1 3.9 6.1 1.96
(ETN4063)

4.3 Deposition of LnFs

To characterize growth of LnFs-types of materials we deposited films of YbF3, TmFs,
NdFs and YFs. This would provide valuable insight into how these films grow, allowing
us to optimize parameters to obtain an ideal ALD growth. It would also give us a good
baseline for designing multilayer films later. As a standard, we deposited 1000 cycles
at 175 °C, using pulse and purge times of 2 s /1 s /3 s /1 s for Ln(thd)s / purge / NHaF
/ purge. Yb(thd)s was pulsed for 3 s instead, as it grew more evenly than for 2 s. As
most lanthanides grow in a similar way, YbFs was investigated the most thoroughly,
while TmF3 and NdFs and YFs were assumed to be similar in growth and structure to
YbFs. The films were investigated using QCM, XRD and XRR for structural- and growth
characterization. SE was used for characterization both of growth and structure
through its thickness and roughness, while also being used to measure the index of

refraction.
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4.3.1 Anion precursor investigation with QCM of NH4F

One of our initial investigations were to clarify whether LnFs films made from treated
and untreated anhydrous NH4F would grow differently. We were suspicious of whether
any moisture content in the NH4F would lead to uncontrolled growth. We investigated
this by performing in-situ QCM of YbFs with two forms of anhydrous NH4F. One was
stored in a desiccator with P20Os to avoid possible hydration (treated), while the other
was stored in the originally purchased container (untreated). The QCM response from

precursor pulses and purges are given in Figure 4.12.
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Figure 4.12: QCM response with varied pulse and purge parameters for Yb(thd)s and NHsF at 175 °C.

The experiment indicates that there is little to no difference between using treated or
untreated NH4F. Both systems show an identical saturation for the precursor pulses,

as well as equally stable purges.

Figure 4.13 presents the long runs for each system. Again, the depositions look
indistinguishable, indicating there is little to no difference between treated and

untreated NHsF. Additionally these figures showcase well how the precursors react
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and adhere to the surface. The first step shows a large growth as Yb(thd)s absorbs on
the surface. Some of these will react and chemisorb, while others are weakly bonded,
being phsysiorbed. The next step is a purge and shows a small decrease in mass. This
corresponds to removal of these physisorbed compounds. The NH4F pulse results in
a decrease rather than an increase, reflecting release of heavier thd-type ligands when
NH4F reacts. Finally, the last step of the cycle, a purge, shows again a mass decrease

as the physisorbed NH4F is removed.
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Figure 4.13: Average of 25 QCM long cycles for YbFs growth using treated (a) above) and untreated (b)
below) NH4F. Pulses are in white, while purges are in gray. Each step is named with their precursor and
duration.
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Though both treated and untreated NH4F showed similar results, we settled on using
treated NH4F to avoid potential impurities from presence of water in the compound, as

this can work as a reactant and lead to growth of oxides.

4.3.2 QCM of YbFsfrom Yb(thd)s and NH4F

The anion precursor investigation also forms the basis for selecting the pulse and
purge parameters for growth of YbFs. Figure 4.12 shows that Yb(thd)s and NH4F is at
the cusp of saturation for a 2 s pulse. We therefore settled for a 3 s pulse for of both
reactants for the following experiments. The purges showed little to no difference with

increasing purge time, indicating that a purge time of 1 s was enough.

4.3.3 QCM of NdFs from Nd(thd)s and NHa4F
Like for YbF3, NdF3 was investigated with QCM. Figure 4.14 shows that there is no
saturation for Nd(thd)3 indicating there could be a CVD component to the film growth.

The NH4F pulse does show an initial saturation, but then increases again around 5 s.
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Figure 4.14: QCM response with varied pulse and purge parameters for Nd(thd)s and NH4F at 175 °C. The
QCM response is normalized in regard to the response of an average buffer cycle (2s/1s/3s/15s).
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In Figure 4.15 an average long cycle QCM response for NdFs is given. It shows that
even for 20 s Nd(thd)s-pulses there is no saturation. Though, the NH4F pulse seems to
saturate. There is a slight mass increase during the purges, even though the purges
do show to remove physisorbed species. This appearance is most likely due to thermal

fluctuations during growth, though they could also indicate a possible leak.
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Figure 4.15: Average of 16 QCM long cycles for NdFs growth. Pulses are in white, while purges are in
gray. Each step is named with their precursor and duration.
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4.3.4 QCM of TmFs from Tm(thd)s and NH4F

QCM investigation of TmF3 was performed, with the results given in Figure 4.16. There
is a clear sign of saturation during pulsing of Tm(thd)s, although not complete,
indicating there could be a CVD component in the growth. The NH4F pulse appears

more clearly saturating at around 3 s, despite scattering of the data.
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Figure 4.16: QCM response with varied pulse and purge parameters for Tm(thd)s and NH4F at 175 °C. The
QCM response is normalized in regard to the response of an average buffercycle (2s/1s/3s/1s).
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An average long cycle is given in Figure 4.17. This shows large uncertainties, but
overall, the shape we would expect. The Tm(thd)s pulse shows a clear initial rise in
mass before reducing its mass increase, though the growth does not completely halt.
This indicates partial CVD growth.
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Figure 4.17: Average of 16 QCM long cycles for TmFs growth. Pulses are in white, while purges are in
gray. Each step is named with their precursor and duration.
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4.3.5 QCM of YFsfrom Y(thd)s and NH4F

Results from QCM measurements of YFs3 are given in Figure 4.18. There is a very slow
saturation of Y(thd)s, likely showing a CVD component in the growth. The NH4F pulse
shows a slight decrease for long pulse times. This may be due to thermal effects from
how the QCM experiment was performed. There is a discrepancy between inlet and

outlet for the NH4F purge. Still, the purges seem sufficient at 1 s.
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Figure 4.18: QCM response with varied pulse and purge parameters for Y(thd)sz and NH4F at 175 °C. The
QCM response is normalized in regard to the response of an average buffercycle (2s/1s/3s/1s).
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In Figure 4.19 an average long cycle of YFsis given. It clealy shows a slowing of Y (thd)s
growth during its pulse, where the excess is desorbed during the following purge.There

is a near saturation of NH4F, with a clear removal of physisorbed species during the

purges.
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Figure 4.19: Average of 9 QCM long cycles for YFs growth. Pulses are in white, while purges are in gray.
Each step is named with their precursor and duration.
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4.3.6 Temperature dependence on growth of YbFs

YbFs-films were deposited at temperatures between 175 °C and 300 °C to investigate
how its growth and structures changes with increasing temperatures. All films used 3
s/1s/3s/1sforYb(thd)s/ purge / NhaF / purge and 1000 cycles.

4.3.6.1 Growth Per Cycle (GPC)

To investigate the growth of YbFs-films we performed SE and XRR measurements.
The Growth Per Cycle (GPC) for these are given in Figure 4.20. The measurements
from SE are given for 175, 200, 225, 250, 275 and 300 °C. XRR results are provided
for 175, 225 and 300 °C.
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Figure 4.20: Thickness of YbFs vs. deposition temperature, with a black stapled line showing a 2" degree
polynomial fit of average measurements. Ellipsometry measurements were performed on samples near
inlet, middle and outlet in the reaction chamber. XRR measurements were performed on a sample from

around the middle.

The data shows a decrease in growth with increasing temperature, until around 250
°C, where it begins increasing. This indicates a change in growth mechanism or film
structure, for example a change from growth of amorphous to crystalline material.
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4.3.6.2 Roughness
Roughness was measured using SE, XRR and AFM. The results of which are given in

Figure 4.21.
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Figure 4.21: Roughness of YbFs vs. deposition temperature. SE was performed for all temperatures. XRR
was performed for 175, 225 and 300 °C. AFM was performed for 175, 200, 250 and 300 °C.

The measured roughness increases with deposition temperature for all techniques,
with SE having a sharp increase at 250 °C. XRR and AFM also show an increase,
though much weaker. The large discrepancy could indicate methodological differences

in how these techniques interpret roughnesses.
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4.3.6.3 Topography
The surface was imaged using AFM to observe visual changes and determine surface

roughness as the deposition temperature increased. The surface roughness is

reported under the previous section. Pictures of the surface is given in Figure 4.22 and
Figure 4.23.
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Figure 4.22: 10-10 um? AFM images taken of inlet samples at different deposition temperatures. The
roughness of each measurement is included under the picture.
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Figure 4.23: 10-10 um? AFM images taken of outlet samples at different deposition temperatures. The
roughness of each measurement is included under the picture.

The pictures indicate an even surface at low temperatures. When the temperature
increases to 225 °C (250 °C at the outlet) we begin seeing what resembles nucleation
of crystallites. For 300 °C the surface is quite rough and could indicate crystalline

growth.
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4.3.6.4 Crystallinity
Finally, the films were investigated using XRD. This would confirm if growth of
crystalline material is occurring at elevated temperatures. The resulting diffractograms

are given in Figure 4.24.
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Figure 4.24: XRD spectra of YbFs deposited at different temperatures. Peaks are annotated, with *
symbolizing an unidentified peak. The spectra are staggered, so measurement intensities are not
comparable.

The spectra confirm crystalline growth of YbFs at increased temperatures. In fact,
already at 200 °C, the peaks indicating crystalline YbFs show up, indicating that the
growth of crystals begins already there. There is also crystalline growth of an unknown
phase visible at 300 °C.
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4.3.7 Films
Multiple standard films of LnFs were deposited during the project, and these are

presented in Table 4.2.

Table 4.2: Film thickness and mean GPC, roughness, and refractive index of LnFz thin films. All films were
deposited with treated NH4F, except for ETN4002, which was deposited with untreated NH4F. The data

marked with * was only measured on the inlet.

Sample Film thickness [nm] Growth rate Roughness | Refractive

[Alcycle] [nm] index
Inlet Center | Outlet

YbF3 32.6 27.7 0.3 6.3* 1.56*

(ETN4002)

YbF3 38.2 315 0.3 2.6* 1.54*

(ETN4008)

YbFs 545 |51.0 55.1 0.5 0.8 1.53

(ETN4051)

TmFs 59.6 57.1 57.4 0.6 0.1 1.53

(ETN4054)

NdFs 898 644 49.9 0.7 24.9 1.61

(ETN4055)

YF3 69.6 | - 50.0 0.6 2.0 1.52

(ETN4031)

The table shows that all the investigated LnFs films grow fairly similarly, with an

exception for NdFs, which grows with a surprisingly high gradient of 57% between inlet

and outlet, and an extremely high roughness, where inlet was around 38 nm and outlet

was around 16 nm. It also shows a higher index of refraction than the other films,
indicating a different growth. The YbFs flms ETN4002 and ETN4008 were deposited

with untreated and treated NHaF, respectively. They indicate similar growths and

refractive indexes.
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4.4 Incorporation of Qz in YbFs

With the pure thin films investigated, it was time to explore the properties that would
arise from doping Qz in the LnFs films. As presented in 4.2.3, thin films of Y2Qzs and
Yb2Qzs did not show luminescence. A possible reason for this may be concentration
guenching, and as such they were attempted diluted in YbFs3 to different degrees. Two
samples of YbFs with Yb2Qzs were prepared with 50 and 250 cycles of separation,

respectively

4.4.1 UV-Vis of Yb2Qzs-doped YbFs3

UV-Vis was performed on YbFs samples with varying amounts of Yb2Qzs, along with
pure Yb2Qzs as a reference. The spectra are given in Figure 4.25, and show increasing
absorption with a higher content of Yb2Qzs, up to a maximum for pure Yb2Qzs.
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Figure 4.25: Absorption from UV-Vis measurements of Yb2Qzs-doped YbFs samples (1:50 had 3110 cycles
with 60 multilayers, 1:250 had 1003 cycles with 3 multilayers) and a sample of Yb2Qzs (250 cycles) all on
silica substrates.
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4.4.2 PL of Qz-doped YbFs
PL was performed on the Qz-doped films, and no luminescence was observed, either

at UV, visible or NIR wavelengths.

4.5 Upconversion multilayer films
We performed investigations of upconversion system without sensitization. Multilayer
YbFs films with doped cycles of NdFs and TmFs had been prepared by Silje Sgrensen

to observe the change in energy transfer with varying cycles of separation [12].

45.1 CL of multilayer LnF3 films

The films were investigated using CL-SEM. The strongest peak was integrated over,
and its intensity was graphed vs. the separation between NdFs and TmFs. The results
are given in Figure 4.26, and show a peak in intensity around 40 cycles of separation,

corresponding to 0.8 nm, given Silje Sgrensen’s growth rate of 0.2 A/cycle for YbFa.
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Figure 4.26: CL intensity of 300 nm peak for samples of samples of NdF3-xYbFs-TmFs. The stapled line is a
guadratic interpolation of the measurement points.
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4.6 Summary of Results

A flowchart summarizing the central results of the chapter is given in Figure 4.27, and

gives an overview of the various parts of the project with its general structure.

Anion plays a
part in activity

Goal

Qz-Sensitized Upconversion Thin Films
hv—Qz —-Nd —Yb—Tm —

Step 1 Luminescence in

solution, not as

Investigating Qz luminescence powder

Luminescence with
Y, not with Nd or Yb

Step 4 YbF;, YF3, and

Good ALD growth

Step 2

Deposition of Ln,Qz; Thin

Films

Qz intact and
absorbing

No luminescence

Treatment of

Step 3

Qz NH,F does
absorbs TmF grow evenly, not change
Incorporation of Qz in YbF, NdF; does not Deposition of LnF; Thin Films growth
Crystallinity
No luminescence increases
observed with
temperature
Step 5
o : Tm?* and Nd*
i t 5
in;gnz;y LnF; upconversion multilayer luminescence

films

Step 6

Qz-sensitized LnF5
upconversion multilayer films

Remains to be
realized

Figure 4.27: Summary of experimental steps in the performed with their main results.
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5Discussion

This chapter will relate the results to each other and to results from known literature,
allowing for an in-depth discussion of the discoveries that have been made during the
project. The chapter is divided similarly to the previous chapter, beginning with the
eligibility of Qz, before discussing Ln2Qzs films, LnFs films, Qz-doped films and finally

multilayer films.

5.1 Eligibility of Qz
The investigations of photoluminescence of various salts in ethanol solutions in 4.1

proved that the organic anions (acac and thd) led to reduction of luminescence, with

thd almost killing the luminescence entirely. This could be due to multiple reasons.

One possibility is that the large anions sterically hinder Qz from coming in proximity to
the cation. This explains the lack of charge transfer, but not the lack of Qz
luminescence, as it luminesces without cations present. It should be noted that the
ratio between thd and Qz in the solutions were 10:1, and that we do not know the
relative chelating ability of neither of these molecules. Energy transfer by exchange
interactions drops quickly for distances above 1 nm and is likely heavily impacted by
such a hinderance. Coulomb interactions will also be limited, though it can have a

range of 3.5 nm. At this point, we do not know what the dominating mechanism is.

Another possibility is that the luminescence is quenched due to a change in pH. Qz
has been reported to emit strong fluorescence for pH values below 10, but with a color
change from orange to purple (in dichloromethane) and fluorescence quenching for
higher values [65]. Hthd has a predicted pKa value of 11.6 [66]. This means itis a weak
acid, and as such the pH of the Hthd-solutions will not be above pH 10, as is shown in
Appendix A:ll.a. However, with Hthd being a weak acid, the thd- ligand is necessarily
a correspondingly strong base. pKb of the thd- anion is 2.4 and calculating the pH of
the thd-solutions as if water was the solvent, we obtain a value of just under 11, which
is above the transition pH for Qz. See Appendix A:ll.b for the calculation. This matches
well with the different colors of the thd™-solutions in Figure 4.1. However, since Figure
4.3 shows a vast difference in luminescence when using Hthd as well, pH is most
probably not the only reason for the observed quenching. It should also be kept in mind
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that our solutions are ethanol-based and not water-based, and hence the pH-
calculations will be perturbed by the solvent.

The observed quenching could also be due to that Qz and thd form a charge-transfer
complex where a temporary electron transfer could quench the luminescence from Qz.

This has not been investigated, however.

There may be multiple mechanisms causing the observed quenching, where pH is a
likely candidate for the thd--solutions, and steric hinderance might play a role. The
formation of a charge-transfer complex can seem plausible given the quenching of
pure Qz-luminescence by addition of Hthd. Since Y3* luminesces even in the presence
of thd, it increases the likelihood that Qz could function in a solid film under the right

conditions.

However, investigations of the dried powder revealed that the solid form of Y2Qzs, and
Al2Qz3z did not luminesce. This can be due to aggregation-caused quenching (ACQ),
where luminescent molecules with cyclic structures, similar to Quinizarin, form
aggregates [67]. These aggregates form due to -1 stacking interactions and/or
dipole-dipole interactions. This leads to either weak fluorescence or no fluorescence
at all. A method to reduce ACQ is to dilute the fluorescent molecules in a solid matrix,

I.e., using them as dopants.

5.2 Deposition of Ln2Qzs3

5.2.1 ALD Growth

The QCM results from Y2Qzs in Figure 4.5 show a clear saturation of the precursors
with desorption during purges and is a strong indication of ALD-type growth. The
overall reaction mechanism can be investigated by inspecting the relative mass
increase during reaction of the individual reactants. This is presented as Ami and Amz
in Figure 5.1 and is the change in QCM response from the start of a precursor pulse

to the end of its purge.
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Figure 5.1: Average of 25 QCM long cycles for Y2Qzs growth. The figure is marked with the relative
increase for one Y(thd)z half-cycle (Am1) and one Qz half-cycle (Am:z) for the inlet.

We observe a change in mass of 9.05 Hz for the reaction with Y(thd)s and 0.82 Hz for
the reaction with Qz. Since the change in frequency is proportional to the mass change,
the relative difference of Am1 and Amz can be compared to the calculated mass change
for proposed reaction mechanisms. Assuming a stoichiometry of Y2Qzs the reaction
for pulsing of Y(thd)s can be described by Equation (5.1), while the reaction for pulsing
Qz can be described by Equation (5.2).

I-(OH), ., +Y (thd)3 ;) —|-O,Y (thd)s » , +xHthd q) (5.1)

X(s)
[FO,Y (thd)s ) +1.5Q2(g)—-0,YQz1 sHy, . +(3-Hthd g (5.2)

Where |- symbolizes the thin film, and x is the number of surface ligands Y(thd)s reacts

with.

By solving for the observed Ami/ Am2 (see Appendix A:lll.a)) we obtain x = 1.3, which
is in accordance with a process that has enough ligands intact to ensure self-limiting

growth.
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Through the Y(thd)s, Qz pulse and Qz purge, there is a slight decrease in the QCM
response. This could be temperature drift in response to a reaction, or it could be a
disturbance present throughout the measurement. There is no decrease during the
Y(thd)s pulse, meaning Y(thd)s in some way is mitigating the drift. We did not perform
a detailed investigation of the drift so we cannot be sure of its mechanism. It can have
a small impact on the value of x, but the drift is quite weak, meaning the overall result

is the same.

Hansen et al. deposited thin films of Al2Qzs using TMA and Qz at a deposition
temperature of 175 °C, obtaining a growth rate of around 0.3 A/cycle [13]. They found
slow saturation of Qz growth and over-stoichiometry of Al, indicating unreacted Al-CHs
groups. They elucidated that this could be due to TMA coordinating and reacting with
carbonyl groups [68]. In testing another Al-precursor they attempted Al(acac)s, which
is similar to thd in structure. However, they were unable to obtain any film. With their
results in mind, it is surprising that we have achieved growth with Ln(thd)s and Qz,
especially with such even films and high growth rates. TMA is pyrophoric, and reacts
readily with water, as shown by the well-known deposition of Al2Os, given in Figure 2.7.
Meanwhile, B-diketonates like thd generally react poorly with water, and are often
combined with more aggressive oxidants like ozone when depositing oxides, indicating
it is a fairly unreactive ligand [69]. In terms of pKa values, Qz is around 10.8 for the first
de-protonation and 12.0 for the second [70], while Hthd has a pKa value of 11.6 [66].
In turn, the AI-CHs bonds in TMA are incredibly basic as the pKa of CHa is around 48
[71]. The pKa-value of acac is around 8.9 [72]. With the pKa-values of Qz and Hthd
being so similar, it could be that there is a low enough energy barrier for a statistically
high enough exchange to occur, thus allowing for growth. Meanwhile for Al(acac)s, Qz
could struggle with replacing the ligands, as the Hacac molecules are more acidic than
Hthd is. As there is no film growth using Al(acac)s, this could hint at the exchange being

more sensitive than expected.
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5.2.2  Thin Film Structure

The investigations of Yb2Qzs at different deposition temperatures in 4.2.5 indicated an
ordering at lower temperatures from the bump in the XRD pattern, the increased
roughness and the crystallites shown in AFM. The Y2Qzs and Yb2Qzs thin films in 4.2.6
showed high refractive indexes of around 1.97. This is quite close to Y203, which has
an index of refraction of 1.92 at the same wavelength [73]. Even so, we can disprove
growth of Y203 from the FTIR results in 4.2.2 which clearly show incorporation of Qz

during growth.

Based on the QCM growth analysis, it is plausible that we are growing stoichiometric
Y2Qzs, although we lack a proper chemical analysis. Growth of Al2Qzs was earlier
investigated with XPS in the work by Per-Anders Hansen, with TMA as Al-source [13].
Here, an over-stoichiometry of Al was observed, as well as an indication of many
unreacted TMA-groups. This was also reflected in their QCM analysis. An XPS or
Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA) measurement would give
insight into the true chemical composition of our thin film and verify its stoichiometry.

5.2.3 Optical properties of Ln2Qzs films

The Ln2Qzs thin films showed similar optical properties to Qz by itself, as indicated by
FTIR and UV-Vis. This confirmed that Qz did work as an absorber when embedded in
a thin film, and that its overall structure was intact. The UV-Vis in Figure 4.7 showed a
redshift as Qz coordinated to Y3* and Yb®". This is as expected as the cation-
coordination leads to increased aromaticity by coordinating to both the alcohol and
carbonyl of the Qz-molecule, and the absorption spectra of organic molecules redshift

as the aromaticity increases [74].

None of the pure Ln2Qzs films showed any luminescent activity, like for the powders
made from evaporation of ethanol solutions. The reason is possibly ACQ, where the
planar structure of Qz leads to stacking in the solid state. Modifications of the
fluorescent molecules by altering the ligands have been explored when used in
solutions, but this is outside the scope of this project [67]. To mitigate ACQ, we
attempted to dilute Qz in a LnFs matrix , which will be further discussed after discussion
of the deposition of pure LnFs films.
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5.3 Deposition of LnF3

5.3.1 NH4F as a precursor

We chose to use treated NH4F over untreated. The reason for this is that NH4F is
hygroscopic. As H20 is a commonly used precursor in oxide growth, using NH4F
containing water could have the potential of growing oxides as well as fluorides. Since
we want to avoid any growth of oxides, the choice of treated NH4F was the safest. The
QCM measurements showed that treated and untreated gave equal growth of YbFs,
which could indicate that the NH4F was sufficiently dry even when stored in the normal
container. The untreated powder tended to form hard clumps that would need to be
broken up for use as a precursor, which could indicate that NH4F in fact is absorbing
moisture from the air. However, as shown in 4.3.7, YbFs with both treated and
untreated NH4F showed nearly identical refractive indexes of around 1.55, quite close
to the reported value of 1.50 [75]. This is far from the refractive index of Yb203 around

1.94 [76], and indicates we are not growing oxide in any of our cases.

While we have not performed any characterization of chemical composition, Atosuo et
al. investigated the impurities of GdFs deposited with Gd(thd) and NH4F and found a
low impurity of O, N, C and H with an increase for lower temperatures [6]. There was
maximum 0.04 at.% of N across all their deposited films, which indicated that there
were no reactions with NHsz from the decomposition of NH4. They had previously
suspected that NH4F seemed to lead to incorporation of Si in the film from etching of
the Si-substrate, however, the content was very low at around 0.2 at.%, indicating it is

not a large issue.

5.3.2 ALD Growth

The QCM investigation of YbFs in Figure 4.13 show clear saturation during pulses, and
visible desorption during purges. This is a good indication of ALD growth. We can
investigate the overall reaction mechanism by inspecting the relative mass increase
during reaction of the individual reactants. This is presented as Am1 and Am:z in Figure
5.2, as the change in QCM response from the start of a precursor pulse to the end of

its purge.
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Figure 5.2: Average of 25 QCM long cycles for YbFs growth. The figure is marked with the relative
increase for one Y(thd)s half-cycle (Am1) and one NH4F half-cycle (Amz) for the inlet.

We observed an increase of 14.0 Hz during reaction of Yb(thd)s, and a decrease of 8.1
Hz during reaction of NH4F. This gives a Am1/Am: of -1.73. This can be compared to
the calculated mass change for a proposed reaction mechanism, which is given for the
reactions of Yb(thd)s and HF below in Equation (5.3) and Equation (5.4), respectively.
Note that since NH4F decomposes to NHs and HF, and NH3 does not seem to react,

we have simplified the equation to HF.

H(H)x gy + Yb(thd)s ) = FYb(thd)s_y ) + xHthd(y) (5.3)

FYb(thd)s—x ) + 3HF(g) = FYDF3H,  + (3 — x)Hthd g (5.4)

(s)
Where |—symbo|izes the thin film, and x is the number of surface ligands Yb(thd)s reacts

with.

By solving for a Ami/Am2 as observed, we obtain x = 0.96, i.e., very close to 1 (see
Appendix A:lll.b), which is required for a reaction mechanism where enough ligands

remain to provide a self-limiting growth mechanism.
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We can perform the same Ami/Amz-analysis on the QCM results for growth of
NdFs, TmFs and YFs, obtaining x-values of approximately 2.7, 2.5 and 1.6, respectively.
The long pulses of NdFs and TmFs in Figure 4.15 and Figure 4.17 do show low
saturation of the cation pulses and there is likely something more than pure ALD-
growth going on reaction-wise. With an x-value above 2, it could seem that some cation
precursors react with all three ligands, or that a parasitic reaction where NH4F is
embedded or a reaction with a leak or other impurities are taking place. Despite these
results, the refractive indexes are close to the expected values of around 1.5-1.6, which
indicate fluoride growth [77]. The value for YFs3, is between 1 and 2, which is according
to expectations for the expected reaction mechanism. There were some issues with
the ALD reactor during the QCM measurements of NdFs and TmFs, and this likely has
had an impact on the results. Sgrensen did not analyze growth of LnFs as thoroughly
as we have done, but the results of her QCM analysis of YbFs3 is in accordance with

our own [12].

The growth rate of LnFz by NH4F is lower than most LnFs by TiF4, as seen by Table
1.1 and Table 4.2. The growth rate for YFs grown by NH4F is around one third when
comparing to Pilvi et al. who grew YFs3 with TiF4 [23]. This reduced growth is in
accordance with what Atosuo et al. has reported [6]. They saw a GPC of 0.2 A/cycle
for GdFs by Gd(thd)s and NH4F, being about one third of our growth rates of around
0.5 — 0.7 Alcycle for LnFs by NH4F. They experienced a relatively stable GPC with
increasing deposition temperatures from 275 to 375 °C, while our investigation of YbF3
with varying deposition temperatures show a strongly varying GPC from 175 to 300 °C
as seen in Figure 4.20. However, we are focusing on growth at lower temperatures,
where possibly amorphous growth occurs, rather than the higher temperatures
investigated by Atosuo et al. with crystalline growth. It could be that our GPC flattens
out above 300 °C.

5.3.3  Thin Film Structure

The structure of YbFs films deposited at different temperatures was investigated with
XRD. This showed an amorphous growth at lower temperatures, supported by the low
roughness and AFM images in Figure 4.22 and Figure 4.23. The growth transitioned
as the temperature increased, with the clearest difference around 225 — 250 °C. The
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films became more crystalline at higher temperatures, with XRD showing growth of
crystalline YbFs (Pnma), as well as an unknown phase. Identifying the phase was not
prioritized, but it was proven that it did not match Yb20s. This increase in crystallinity
for increased deposition temperatures is in accordance with the LnFs thin films from
the literature in Table 1.1, though they do not observe the same change in growth rate

over increasing deposition temperatures as we do.

We chose to investigate the growth of YbFs in more detail assuming the other LnFs
films were similar. Table 4.2 indicates this could be true for TmFs and YFs, as the
roughness and refractive indexes are similar, but NdFs seems to grow in a very
different way. This could be due to the larger size of Nd compared to the other cations.
When growing Ln203 Hansen et al. obtained cubic crystal structures for all but Nd20s,
who grew in a hexagonal phase [22]. By investigating the QCM measurements we can
obtain more insight, though it should be noted the ALD reactor had some issues with

turbulence during the QCM measurements of NdFs3, TmF3z and YFs.

The QCM long pulses of YbFsz and YFs show similar behavior, as seen when comparing
Figure 4.12 and Figure 4.18, respectively. This could indicate that they have similar
growth mechanisms, but there is a difference in their x-values from Ami/Amz-analysis
being 1 for YbFs and 1.5 for YFs. Thin films of YF3 from Y(thd)s and NH4F deposited at
350 °C have previously been analyzed with X-Ray Photoelectron Spectroscopy (XPS),
indicating possible growth of NH4Y2F7 or other YFs-NH4F compounds [12]. It could be
that we are forming some of these materials as impurities, but the QCM analysis seems
to indicate that the proposed reaction mechanisms for growth of YbFs fits well, meaning
our main product is likely YFs. This is also supported by our refractive index of 1.62 in
Table 4.2 being so close to the reported value of 1.63 [78]. Due to the similar QCM
response for YbFs and YFs, we are likely growing YFs, but a chemical analysis is

necessary to confirm this.

Judging from the films in 4.2.6, TmFs to YbFs seem to indicate a similar growth.
However, the QCM results and Ami/Amz-analysis do also indicate some differences.
The turbulence issues with the ALD reactor could be a reason for the different pulsing

behavior between YbFs in Figure 4.12 and TmFs in Figure 4.16.
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When comparing NdFs to YbFs, there are some large differences. NdFs is an outlier
compared to all the other LnFs-films, and do not indicate saturation even for the long
pulse in Figure 4.15. The steep gradients experienced could point towards a
decomposition, i.e., CVD-growth, fitting with the large roughness observed. CVD could
come from decomposition of Nd(thd)s, though that is unlikely as it has been used both
at our temperature and higher previously without this being suspected [22] [12]. It is
also unlikely that the precursor is too cold as there is rather too much growth than too
little. There is a possibility that impurities are formed. When NHsF was used to deposit
GdFs3, there was an increase in impurities at lower temperatures [6]. However, as we
have not performed any chemical analysis on our films, we cannot reach a conclusion
from our results. Reactor issues are part of the reason, but there is likely an unknown

reaction occurring during the growth of NdFs.

5.4 Incorporation of Qz in YbFs

After investigating Ln2Qzs-films and observing no luminescence the next step was to
attempt dilution of Qz. With LnFs-films characterized, we attempted to perform the
dilution in a matrix of YbFs, as that was our proposed matrix for the upconversion
system (see 2.1.3). UV-Vis indicated that Qz did still absorb in dilution, but like for
Ln2Qzs, we detected no luminescence. For the thin film with a dilution ratio between
Yb2Qzsz and YbFs of 1:250, we have around 12.5 nm of separation between Qz-layers
given the growth rate of 0.5 A/cycle observed for YbFs in 4.3.7. This is large enough to
assume it is outside the range of 1r-1r stacking causing ACQ. The absorption spectrum
in Figure 4.25 shows a very weak absorption, so the lack of luminescence could be
from too weak absorption. The thin film with a dilution ratio of 1:50 has around 2.5 nm
of separation. This film gave good absorption, but any excitation occurring was
guenched before luminescence, like for the pure Yb2Qzs films. For a benzene dimer,
the 1T-11 interaction has been simulated to give a separation of approximately 0.5 nm
[79]. From 2.1.2, we know dipole-dipole interactions have a range of about 3.5 nm.
Since ACQ is caused by 11-17 interactions and/or dipole-dipole interactions we cannot
confirm that the 1:50 diluted thin film is separated enough, but more separation be at
the expense of absorption. Even if the vertical separation is enough, there could easily
be in-plane stacking occurring and causing ACQ. If in-plane dilution is possible to

achieve by surface passivation using pulsing of other molecules, such as ethanol, this
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could be worth a future investigation [80]. However, it would seem Qz is not well-suited
as an organic sensitizer using the ALD method. Though Qz is not suitable in our

upconversion system, the upconversion system itself was worth investigating.

5.5 Upconversion multilayer films

The CL measurements of YbFz:Nd,Tm in Figure 4.26 showed a peak in intensity
around 0.8 nm. This fits well with exchange interaction dropping quickly beyond 1 nm,
and coulomb interactions of dipole-dipole and dipole-quadrupole having ranges of 3.5
and 0.8 nm, respectively. Quadrupole-quadrupole interactions have ranges of 0.2 nm,
but it would seem to either not be a part of the mechanisms for energy transfer, or that
it is mitigated by concentration quenching occurring at short distances. Longer
distances likely lead to non-radiative decay. As Silie Sarensen showed, both Nd3* and
Tm?3* luminescence was present, and indicates that the upconversion system show

good promise [12].
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6 Conclusion

The luminescent properties of Qz have been investigated in ethanol solutions, showing
activity with both AI** and Y3+, but with quenched luminescence in solutions containing
Hthd and thd-, indicating a change for pH and possible formation of a charge transfer
complex between the Qz and thd". Drying the luminescent solutions to a solid residue

did not result in a luminescent material, most likely due to ACQ.

Ln2Qzs thin films were deposited using Y(thd)s and Yb(thd)s with growth rates of 3.6
and 3.9 Alcycle, respectively. This shows that the higher reactivity of thd-based
precursors as compared to acac-based, is sufficient to obtain well defined growth by
ALD. The deposited films were amorphous and showed that Ln2Qzs was a plausible
stoichiometry, with UV-Vis and FTIR confirming intact presence of Qz. No
luminescence was observed, indicating that Qz must be diluted in a host matrix to be

a sensitizer.

Thin films of LnFs were deposited with NHaF as fluorine source, where pretreatment of
NHa4F to avoid absorption of moisture was found to have little effect on the growth itself
and the film properties. The films had a growth rate of around 0.6 A/cycle with even
gradients, except for NdFs, which was an outlier compared to the other materials. YbF3
showed a transition from growth of amorphous to crystalline material around 225 °C
with increasing deposition temperatures. LnFs was a likely stoichiometry for our Yb and
Y fluorides, while QCM investigations using Tm and Nd indicate a more complex type

of growth, requiring more thorough analysis of the chemical composition.

Attempts to dilute Qz in LnFz show a correlation between the amount of Qz and its
optical absorption. No luminescence was observed for any samples, and through
investigation with varying degrees of dilution we discovered that the observed
guenching could not be prevented without sacrificing the absorption to such a degree

that the overall sensitization did not give any effect.

Optical investigation with CL was performed on YbFs:Nd3*, Tm3* thin films with varying
Nd-Tm distances, where 0.8 nm gave the highest emission intensity. The upconversion
process itself was not investigated, but with both Nd*- and Tm3*-luminescence

present, further work with the system and exploration with organic sensitizers show
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great opportunities. Thus, despite lack of luminescence and upconversion in the
current samples, our work shows that ALD is well suited for embedding organic
molecules into inorganic materials to construct multilayered structures designed for

optical conversion.
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/ Future Perspectives

The thesis objective was to investigate Qz as an organic sensitizer in upconverting
LnFs thin films. We learnt that Qz was not an ideal sensitizer, most probably due to
self-quenching when embedded into the film structure. However, its growth with
Ln(thd)s was an interesting discovery when considering that prior attempts with
Al(acac)s have not led to any film. Such Ln2Qzs films might prove useful for other
applications. The project encompassed many areas, and while some properties were

investigated deeply, others still remain for the future.

Firstly, the stoichiometry of Ln2Qzs thin films were investigated with QCM, but chemical
composition was not confirmed. If the film is to be investigated further, this should be
confirmed using XPS or ToF-ERDA. The film has high absorption in the green area
and could potentially function as a color filter. If there are other applications where
these films can be used, the relevant properties will need to be characterized, such as
porosity of the films by performing ellipsometric porosimetry and surface tension by

performing contact angle measurements.

The LnF3 system with Ln(thd)s and NH4F was investigated thoroughly with QCM. YbFs
was assumed to be representative of the other lanthanides used and was
characterized at different deposition temperatures. A similar investigation for the other
lanthanides will help reveal if this is true. NdFs especially has proven difficult, and
deeper investigation of this material could highlight differences from other LnFs films.

Even in its diluted state, Qz did not show luminescence. With the likely culprit being
ACQ, an investigation of in-plane dilution could reveal if ACQ can be avoided. Another
possibility is the exploration of molecules with the opposite effect of aggregation-
induced emission (AIE) [67]. Instead of strong emission in solution and weak in solid-
state, these materials are weakly emitting in solution, but strongly in solid-state.
Materials showcasing AIE generally do so due to restriction of intramolecular motions
(RIM), being a combination of rotational and vibrational restrictions. By attaching side
chains that can break up the planar structure of Qz, it could show AlE-like properties.
If other dyes are to be investigated, it is recommended to look for volatile molecules
already showcasing AIE, or with an existing modification process to promote AlE.

76



The multilayered structures have shown good promise for an upconversion system
with YbF3 as a host matrix. As both dopant incorporation and optimal distances have
been investigated, the natural next step is to investigate if there is charge transfer
between the different ions. A PL investigation of the deposited films would show if there

IS any optical conversion occurring.

In the end, the desire is an organic sensitized upconversion thin film that can be used
in technologies requiring high-energy UV-radiation. An organic dye must be
incorporated into the host matrix, with tuned absorption for the relevant application and
successful energy transfer from the dye to the upconversion system. The upconversion
itself must then be able to carry the transferred energy and lead to an upconverted
emitted photon. By continuing the work outlined here, we are optimistic that an

operational organic sensitized upconversion thin film can be created.
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Appendix A: Calculations

. QCM response
QCM response is exported in Hz, but can often give more information by converting it

to mass per area per cycle. By correcting for drift a more accurate result can be

. . . . g ng
obtained, and using density of the thin film we can convert Hz to /cm3-cycle'
Firstly, the direct QCM response is multiplied by a correction factor. This correction
factor is a polynomial fit to the responses given for each buffer layer in the QCM
deposition. By performing this multiplication, all responses are normalized to one buffer
layer. The next step is determining the mass involved in deposition of one such buffer

layer.

We assume a substrate being deposited as a monolayer of a film with density, p, and
growth per cycle, g. The QCM response given as mass per cycle per area of can then

be calculated using the following formula:
Response =p - g

As an example, YbFs has a density of 6.98 g/cm? and a GPC of 0.545 nm/cycle. The

formula is then:

6.98-0.545- 9" =3.80 9"/

m
/cm3 - cycle m3 - cycle
Adjusting for units:
1mm=10"7cm,1g=10°ng » 107 cm - 10° ng = 100 ng - cm

We finally obtain:

_ g -nm _ n

By multiplying this to the correction factor, we can obtain the mass deposited per cycle,

instead of the frequency per cycle.
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ll. Ethanol solution pH
Our ethanol solutions containing Qz seemed to show a change in luminescence
depending on the pH. The following sections calculate the estimated pH of the

solutions as if the solvent was water.

a. Hthd solutions
The ethanol solutions contained 10-2 M Hthd, which has a pKa of 11.60. pKa is related

to Ka using the following equation:
pKa = —log(Ka)

This means that Ka would be 2.5 - 10712, Using the equation for Ka we can insert our

concentrations and calculate:

[H*][thd"]

Ka=25-10"12 =
a=25-10 [Hthd]

We make a table showing the changes in concentration as Hthd interacts with the

solution:
[Hthd] HY | [thd™]
Before 1073 0 0
Change —X X X
Equilibrium 1073 —x x x

We want to solve for x at the equilibrium and so place this in the equation for Ka:

XX
1073 — x

2.5-1071% =
2.5-10712(1073 — x) = x?
x> +25-107%x —-25-107% =0

This givesus x =5-1078 and pH = —log(5-1078) = 7.3

Since x is small for weak acids we could also simplify it to:
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XX

25-1072 = =
5-10 TS

x2=25-10"15
x=+25-10"15=5-.10"8
We can then calculate the pH to be:

pH = —log(5-1078) =17.3

b.thd-solutions

The pK,-value of thd™ can be calculated from the pK, of Hthd, 11.60:
pK, + pK, = 14
pKp, =14 —11.6 = 2.4
This gives thd a K, of 1072* ~ 4 - 1073, and is defined as:

_ [0H"][Hthd]
b7 [thd]

The change in concentrations can be seen using the table below:

[thd™] OH~ | [Hthd]
Before 1073 0 0
Change —X x X
Equilibrium 1073 — x x x

Inserting the values at equilibrium we obtain:

2

X
4.1073 = ————
1073 — x

This can be reordered as a quadratic formula:

4-1073(1073 —x) = x2
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x2+4-103x—4-107% =
Solving the quadratic formula gives x ~ 8.3 - 1074, leading to a value for pOH:
pOH = —1log(8.3-107%) = 3.1
From here we can calculate the pH:
pOH + pH = 14

pH=14-3.1=10.9

1. Ami/Am; analysis
To obtain more information from a QCM analysis, we can compare the mass gains for
the half cycles to see if it matches with a proposed reaction mechanism. The mass
gain for the reactions belonging to each half cycles is defined, and an equation set is
solved in order to obtain a value, x, representing the number of surface ligands our

thd-compounds react with.

a. Y20zs

The mass change can be calculated as below by observing the reactions in Equation
(5.1) and Equation (5.2):

Am; = M, (Y(thd)3) — xM,.(Hthd)
Am, = 1.5-M,(H,Qz) — (3 — x)M,(Hthd)

Since we want to find a value of x that corresponds to our observed values, we can

combine the formulas, insert our values and solve for x:

Am;  M.(Y(thd)3) — xM,(Hthd)
Am, 1.5 -M,.(H,Qz) — (3 — x)M,(Hthd)

M, (Y (thd)3) + (3M, (Hthd) — 1-5Mr(H2QZ))2_m;

X =

(2—1’2; + 1) M, (Hthd)
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We insert the molecular weights from the table below along with our experimental value

for Am,  0.82°

Molecule ' Mr [g/mol]
Y(thd)s 638.71
Hthd 184.28
H2Qz 240.21

This gives x a value of 1.3.

b.YbFs

The mass changes are calculated as follows from Equation (5.3) and Equation (5.4):
Amy, = M,.(Yb(thd);) — xM, (Hthd)
Am, = 3M,.(HF) — (3 — x)M,(Hthd)

These are combined to and then simplified to:

Am; _ M,(Yb(thd);) — xM,(Hthd)
Am, 3M,(HF) — (3 — x)M, (Hthd)

M, (Yb(thd)s) + (M, (Hthd) — M,(HF ))32—%
x =
(ﬁr"’g +1) M, (Hthd)

amy — 129055 inserted along with the molecular weights in the table

Where the value of =
Amz —-8.10

below.

Molecule ' Mr[g/mol]
Yb(thd)s | 722.86
Hthd 184.28
HF 20.01

This gives x a value of 0.96, close to 1.0.
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