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Abstract  

The objective of this thesis is to make organic sensitized upconversion thin films for application on 

photovoltaic and photocatalytic devices. Upconversion is a light conversion process where two photons 

of low energy come together to form one photon of higher energy. Using this technique, the light from 

the sun can be modified to correlate with the bandgaps of for example solar cells. This could potentially 

increase the efficiencies of the devices drastically. To ensure an efficient upconversion process, organic 

dyes can be implemented into the system. Organic dyes are good absorbers and can therefore work as 

sensitizers, increasing the efficiencies of the upconversion process. We have explored how molecular 

layer deposition (MLD) can be used to synthesize thin films of such upconversion structures.  

The work in this project has been twofold with one part focusing on implementation of organic dyes 

into thin films using MLD and the second part aiming to make an upconversion system. During the first 

part of the project, we proved that the sublimation temperatures of perylenes, a group of large organic 

dyes are highly dependent on their intramolecular forces. We identified that the perylene FA5 with a 

molecular mass of 985.12 g/mol still is suitable as a precursor for MLD growth despite its large 

molecular mass. This is a significant expansion in use of heavy molecules for MLD, as compared to 

prior experience.  

Furthermore, perylenes have successfully been implemented into thin films using β-diketonates Ln(thd)3 

as cation precursors. The perylene based films have been made both with and without using the amino 

acid glycine as a linker between the Ln and the perylene. The films containing glycine have remarkably 

higher growth rates than those without, due to formation of a Ln-Glycine phase during growth. The 

growth dynamics have been explored by quartz crystal microbalance (QCM) and the optical properties 

by UV-Vis, showing stronger absorbing properties in the films deposited without linker. All perylene 

based films formed structures close to the stoichiometry Ln2Perylene3.  

The upconversion properties were explored through depositions of lanthanide-fluoride thin films with 

Tm3+ and Nd3+ doped in an YbF3 matrix. Both dopants were successfully implemented as both Tm3+ and 

Nd3+ luminescence can be seen from cathodoluminescence (CL) measurements, indicating promising 

luminescent properties. Growth of YbF3 was explored using NH4F as the chosen fluoride precursor and 

Yb(thd)3 as Yb precursor. We obtained growth rates of approximately 0.2 Å/cycle with good 

reproducibility, making it a good system.  
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 Introduction  

 Motivation  
The sun is a burning ball of energy just waiting to be exploited. The radiation from the sun, converted 

to useful energy, manifests itself as a huge source of renewable energy. The downsides of using fossil 

fuels have had an increased focus in recent years, and the energy sector is slowly changing. Nevertheless, 

to change the trend of global warming and deal with an increasing energy demand as more people 

improve their standards of living, the energy of the sun must be exploited more efficiently. The solution 

is to make better solar cells and photocatalytic devices that convert the radiation of the sun into 

electricity, or use it as a driving force for chemical processes.  

Solar cells and other photoconverters are semiconductors. Semiconductors are materials where the 

electrons are structured in a way that makes them fill one energy band completely, leaving the next one 

empty. The energy of the material can be increased by light exposure, leading to the excitation of an 

electron from the ground state, called the valence band, to an excited state, the conduction band. The 

excitation process is illustrated in Figure 1.1. The energy required to move one electron from one band 

to the other is named the bandgap. Excitation of an electron will only take place when the incoming 

radiation has an energy equal to, or greater than, the energy of the bandgap. From its new position in the 

conduction band the electron has more energy than the electrons in the valence band. This energy can 

be extracted and converted to electricity through a photovoltaic device or used for example for 

wastewater treatment through a photocatalytic device.  

.  

Figure 1.1. Illustration of a semiconductor where one electron has been excited up to the conduction band. 

The band gap sets the fundamental limitation of the efficiency of light converting devices. The incoming 

light can have insufficient energy to excite an electron across the band gap resulting in no excitation. 

On the other hand, light of shorter wavelengths can have more energy than required to move an electron 

from the valence band to the conduction band. The excess energy will result in phonons, lattice 
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vibrations, which will heat up the semiconductor. Heating is an unwanted side process as heat prevents 

easy transportation of electrons in the conduction band to the external contacts. Evidently, only light of 

a certain wavelength determined by the bandgap, is optimal for excitation in each semiconductor device. 

The efficiency of various solar cells are estimated from the Shockley-Queisser calculations which for a 

silicon solar cell is calculated to be 29 % [1]. Researchers at companies like Kaneka, who holds the 

record for silicon solar cells with 26.7 % efficiency [2], is approaching the limit and other means must 

be used to go beyond the fundamental limitations of the semiconductors.  

There are two dominating solutions to go beyond the Shockley-Queisser limit. The first is to make 

heterojunction (tandem) solar cells, the other is to modify the incoming light from the sun by using 

luminescent devices. The first approach has been quite successful by adjoining four materials of 

different band gaps to a 4-juction cell.  This cell has an impressive efficiency of 46 % [2], but the method 

is complicated and too expensive to compete on the market. The other solution, which is the target of 

this thesis, is to use light conversion methods to change the properties of the light rather than changing 

the properties of the semiconductor. By using light conversion, a larger part of the solar spectrum can 

be utilized.  

 Definition of Thesis 

The overall goal of this project is to make an organic sensitized upconversion thin film by molecular 

layer deposition (MLD). MLD is a gas phase deposition technique for thin film synthetization. The 

efficiencies of solar cells can be increased by applying thin films with light converting properties to the 

photovoltaic devices. A light conversion process called upconversion can increase the Shockley-

Queisser efficiency of the solar cell by converting low energetic photons into photons of sufficient 

energy to transfer an electron across the band gap of the solar cell. To ensure an efficient upconversion 

process, organic dyes can be implemented into the thin films as they are broad-band absorbers that can 

transfer more light into the upconversion system. By increasing the absorption of the system, the 

organics work as sensitizers. The project in this thesis is divided into two main parts. 

The first part aims to explore whether a group of organic dyes called perylenes can be used to grow 

films by MLD for sensitizing purposes. Organic molecules have been deposited by MLD before, but 

implementation of large, organic dyes is a new idea. Three different perylenes will be used in the project 

and the first step is to explore their sublimation temperatures to see if they are sufficiently low to be 

used in the MLD reactor. Thereafter, the organics must be functionalized to enable MLD growth. 

Different approaches will be used to attach acid groups as a way of functionalizing. Using acid groups 

as linkers was done due to experience with such functional groups in other MLD systems. The perylene 

films will mainly be made with Yttrium and Europium, as their MLD chemistry is well known and their 

properties are similar to the lanthanides that will be used in the upconversion system. The luminescent 
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properties of the films will be explored to see whether energy transfer from dye to lanthanide is taking 

place.  

The second part of the project is to synthesize an upconversion thin film depositing Tm3+ and Nd3+ in 

an YbF3 matrix. NH4F will be explored as a fluoride precursor to enable deposition of LnF3 films. The 

lanthanide-fluoride films create the foundation both for implementation of perylenes into a fluoride 

matrix, as well as for the upconversion structure. NH4F has previously been used as a precursor for LnF3 

in this group at UiO but this work has not been published. Thin films with various distances between 

the lanthanides in the fluoride matrix will be made and characterized to study the upconversion 

properties. Ultimately the goal is to make a thin film containing both an upconversion system and a 

perylene as a sensitizer. The following three subchapters provide a brief background of the various 

concepts and methods the thesis builds on. 

 Luminescence and Light Conversion  

Luminescence is the phenomenon that occurs when a material emits light from other means than 

incandescence. Incandescence is a material emitting light due to its temperature, in other words; black 

body radiation. Exactly when luminescence was first discovered is unknown, but sights such as Aurora 

borealis and glowworms were observed by the ancients. The first recorded luminous stone known is the 

Bologna stone (barite) from 1603. A few years later, in 1669, the element phosphorous was successfully 

discovered and isolated. The element showed light-emitting behavior, resulting in the use of the word 

phosphors for luminescent materials [4].  

The German physicist and historian of science, Eilhardt Wiedemann, was the first person to recognize 

luminescence as what it is in 1888. He made the classification of different types of luminescence which 

is still used today [4]. He divided anti-incandescence emission into six categories; photoluminescence 

(excitation by light) and electroluminescence (excitation by applied voltage) being two of them. In the 

1900s, the knowledge and science of luminescence would develop as quantum theory laid the ground 

work to understand the phenomenon. Spectroscopic methods for luminescence appeared in the 1920-

1930 [3].  

Today luminescence is typically used to make fluorescent lamps or LEDs (light emitting diodes) for 

lighting purposes, or to create a picture on a screen. In such materials either photoluminescence (PL) or 

electroluminescence are used to excite the phosphor from a ground state into a higher exited state, similar 

to the process that takes place in a semiconductor. From this position the ion will be de-excited, meaning 

that the excited electron falls back down to the ground state leading to emission of light corresponding 

to the band gap of the luminescent center. The luminescent center, also called the activator, is the ion 

where the emission takes place. The output color can be tuned by changing the luminescent ion or the 

host lattice that surrounds it [5, 6]. Figure 1.2 shows a picture of luminescent thin films made in the 

home lab.  
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Figure 1.2. A picture of thin films of various compositions showing luminescent behavior when 

illuminated with UV-light. 

 Upconversion 

Upconversion phosphors became known in the 1960s [7]. Upconversion phosphors utilize energy 

transfer principles to excite the luminescent center into a higher excited state by combining the energy 

of more than one incoming photon (see Figure 1.3, left). The extra energy can also be gained from lattice 

phonons. The resulting emission will have higher energy than the incident radiation. The opposite 

mechanism; downconversion, converts high energetic photons into more than one photon of lower 

energy (Figure 1.3, right).   

 

Figure 1.3 Two photons with long wavelengths becomes one photon of higher energy through 

upconversion (left). The opposite process, downconversion, happens on the right.  

Upconversion layers can hopefully be coated on top of solar cells to assist devices in exploiting a greater 

part of the absorbed light. Calculations based on the band gap of silicon show that the theoretical 

efficiency limit of the solar cell is increased from 29 % to 40.2 % when making use of upconversion [8]. 

Figure 1.4 shows the AM1.5G spectrum of the sun, marking what parts are already used in silicon solar 

cells, and what parts of the spectrum can be exploited using up- and downconversion.  
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Figure 1.4 AM1.5G spectrum of the sun, showing the fraction of the irradiance utilized by silicon (green) 

and what regions that can be exploited by light conversion techniques; up- and down conversion (blue). 

Figure from [9]. 

Lanthanides are often used in upconversion materials as they have ladder-like energy levels where 

electrons can be excited followed by emission of higher energetic light. The lifetime of the f-states are 

sufficiently long for such transfers to take place and lanthanides can easily be doped into host materials 

to function as phosphors. A drawback with using lanthanides as phosphors is that they have narrow 

absorption bands meaning that the amount of light coming into the upconversion system is small [9]. To 

enhance the absorption of the system and thus the efficiency of the upconversion process, highly 

absorbing molecules called sensitizers can be used.  

 Sensitizers 

Sensitizers are antenna molecules that absorb light and transfer it to an activator ion where the 

upconversion takes place. The energy transfer increases the efficiency of the system. A sensitizer ion 

can be a transition metal element, an f-block element or an organic molecule. To sensitize a lanthanide-

fluoride structure, which is the target in this project, the sensitizer must fulfill two criteria. The emission 

of the sensitizer must either overlap with the absorption of the neighboring lanthanide, or the molecule 

must be less than 1 nm in distance from the closest lanthanide to ensure good transfer from sensitizer to 

activator [5]. Longer distances between activator and sensitizer, at least up to 12.9 nm for core-shell 

nanoparticles, is an option if the absorption area overlaps efficiently [9]. It has been shown that the 

efficiency of the transfer decreases with increased distance [9]. The second criteria is that the sensitizer 

must not absorb in the spectral area where emission is expected from the upconversion system [5]. 

1.3.2.1 Organic Dyes as Sensitizers 

Organic dyes are intriguing to study as sensitizers because they are broad band absorbers that can 

neutralize the problem with the lanthanides’ narrow band absorption. Organic colorants can be found in 

numerous colors and many inhabit luminescent properties suitable for sensitizing purposes. Regardless 
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of these factors, organic dyes have not been sufficiently studied for upconversion systems but are rather 

designed to be soluble and stable at room temperature for dyeing purposes. To utilize organic dyes in 

this project they must be able to withstand temperatures up to their sublimation temperature. It must also 

be possible to connect the dyes to other compounds, to enhance their reactivity without modifying their 

optical properties.  

1.3.2.2 Perylenes as Organic Sensitizers 

Perylenes are one group of organic dyes that have provoked interest due to the possibility of changing 

the reactivity of the molecule without interfering with its optical properties. In addition, they are also 

cheap and easily accessible. Perylenes are characterized by the perylene core (Figure 1.5). The core 

gives the dyes special optical and electronic properties due to the mobility of electrons in the ring 

structure.  

 

Figure 1.5. The core of the perylene molecule which is characteristic for this group of dyes. 

Perylene- 3,4,9,10-tetracarboxylic dianhydride (PTCDA, the top of Figure 1.6) is a favored reactant for 

synthesizing other perylenes with altered properties. Extra functional groups can be attached at the bay 

positions [10] to tune for example the absorption. The PTCDA molecule can be used as a start material 

for a group of perylene diimides (PDIs, the bottom of Figure 1.6) where many have fluorescence 

quantum yields close to unity and high photochemical stabilities [11]. To make a PDI the anhydride 

group of PTCDA is substituted with an imide. The functional groups attached to the imide positions 

determine the solubility of the perylene, but not the electronic and optical properties. These properties 

can be adjusted by changing the ligands at the bay positions [11].  
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Figure 1.6. The PTCDA molecule (top) with the bay and anhydride positions marked. PDI (bottom) can 

be synthesized from PTCDA by substitution of the anhydride group with an imide group.   

To use PTCDA or PDIs in thin films for solar cells a few considerations must be made. In a silicon solar 

cell the infrared (IR) radiation is what needs to be upconverted. PTCDA absorbs between 350-650 nm 

[12] and the absorption area must therefore be tuned to match that of the IR part of Si. That is not a part 

of the work planned for this thesis, as varying the functional groups at the bay positions would be the 

next step after implementing perylenes into thin films. A more direct application of PTCDA would be 

photocatalysis as the absorbing properties would not have to be adjusted in this case. Another fact about 

PTCDA used for solar cells is that the molecule is supposedly resistant to photo degradation [13]. This 

is an important point as many organic molecules are known to degrade in sunlight, an attribute that 

makes them useless for application on solar cells. PTCDA is therefore a very interesting molecule to 

explore for this use.  

A mayor challenge using perylene derivates is that most of them do not luminescence in the solid state. 

The molecules are flat and rigid which make them experience strong π-π intramolecular stacking and 

attractive dipole-dipole interactions that cause agglomeration [14]. Such aggregation can lead to 

emission quenching which is when other non-radiative energy transfers take place rather than emission 

of light. Quenching can be avoided by using the perylene derivates in low concentrations or by attaching 
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bulky side chains to enhance steric hindering [11]. A technique that is useful for controlling the 

concentration of each precursor, and hence the concentration quenching, is molecular layer deposition 

(MLD).  

 Molecular Layer Deposition   

Molecular layer deposition is a technique for depositing thin films in a controlled and uniform matter. 

Thin films are materials that are usually deposited on top of a substrate to give it additional properties. 

Films with thicknesses varying from a few nanometers to a few micrometers are defined as thin.  

 History 

Atomic layer deposition (ALD) was developed in Finland in the 1970s by Tuomo Suntola [15]. The 

technique was initially developed as a way to produce thin film electroluminescent flat (TFEL) panel 

displays [16]. The first system deposited with ALD was ZnS using elemental zinc and sulfur, and the 

first ALD-made product to be displayed was an electroluminescent display in the Helsinki airport [15]. 

Since the 1990s, ALD has become an increasingly important technique mostly due to the 

microelectronics industry that utilize ALDs pinhole-free and uniform films to make gate oxides for 

microprocessors [16]. Molecular layer deposition (MLD) is the same technique as ALD only that 

molecules are deposited instead of atoms. In this project, a combination of ALD and MLD will be used 

to make hybrid films and for simplicity both methods will be referred to as MLD.  

 MLD of Lanthanides  

Lanthanides have been deposited with MLD, mainly as oxides. A study of all optically active lanthanides 

(Ln = Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb) was published by Hansen et al. in 2013 covering the 

sublimation temperatures for all Ln(thd)3 (thd = 2,2,6,6-tetramethyl-3,5-heptadionedionate) and optical 

characterization of the oxide films [17]. Ozone was used as the anion precursor. The films were 

deposited from 200 to 400 ℃ with a pulse time of 1.5 s for the Ln(thd)3 precursors.  

 MLD of Fluorides  

Fluorides have been chosen as the host matrix in the upconversion system due to their beneficial optical 

properties. They are transparent in the UV-area and show low refractive indexes which is advantageous 

in optical applications [18]. In addition, they inhabit low phonon energies, meaning that the probability 

of multiphonon relaxation is low and thus also the rate of quenching. Multiphonon relaxation is decay 

of phonons rather than emission of light and will be further explained in 2.1.1.  

NH4F was used as a fluoride precursor already in 1994 when CaF2, SrF2 and ZnF2 thin films were 

deposited by MLD for the first time [19]. The cation precursors were Ca(thd)3, Sr(thd)3 and ZnCl/Zn. 

NH4F sublimated from the precursor boat at 80 ℃ [19] and decomposed to HF and NH3 in the reaction 

chamber at deposition temperatures between 260 and 400 ℃ [19]. The method resulted in a growth rate 

of 0.2 – 0.9 Å/cycle. Another way to achieve the same result would have been to use HF directly in the 
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reactor, but this is usually avoided due to the high health and safety risk. Having NH4F decompose inside 

the reactor protects the environment both when loading the precursors into the reactor and during 

deposition of the thin films.  

In 2016 HF-pyridine was introduced as a fluoride precursor. This precursor was initially used with TMA 

to give AlF3 films. The precursor is a solution referred to as Olah’s reagent, consisting of 70% HF and 

30% pyridine [20].  The growth rates are similar to that of NH4F films, varying at different temperatures. 

HF-pyridine is a liquid at room temperature and provides a way to avoid compressed gas cylinders used 

for anhydrous HF. The films had low impurity contents.  

TiF4 is another fluoride precursor that is widely used, mostly because of its high growth rates. YF3 has 

been deposited from TiF4 and Y(thd)3 at 1.1 – 1.7 Å/cycle [21] which is a considerably higher rate than 

the other mentioned fluoride precursors. The drawback with using TiF4 is the risk of Ti impurities. These 

impurities are a problem in luminescent thin films as they quench the emission by charge transfer 

between Ti4+ and some Ln3+ [22].  

 Hybrid Films  

Hybrid films are a class of materials with both organic and inorganic building blocks. The first hybrid 

film made by MLD was grown in 2004 by Nilsen et.al [23], using trimethylaluminium (TMA) with 

hydroquinone (Hq) and phloroglucinol (Phl). Since then, many hybrid materials have been synthesized 

by MLD, such as hybrid films with saturated linear carboxylic acids [24] and metal organic framework 

(MOF) materials [25], many which have been explored by this research group at the University of Oslo 

(UiO).  

Luminescent hybrid films are an even newer concept which is just starting to be explored. Tuomisto et. 

al [26] deposited thin films with (Yb, Er)(DPDMG)3 (DPDMG = N,N’-diisopropyl-2-dimethylamido 

quanidinato) premixed in a ratio of 98/2 Yb/Er in combination with IR-806, reporting near-IR to green 

upconversion from the hybrid films. The precursors are presented in Figure 1.7. The upconversion was 

unfortunately not sensitized by the organic molecule. IR-806 is a big organic molecule containing N-

bonds and acid groups where the lanthanides can be attached. The growth rates were about 2.5 

Å/cycle[26] which is quite normal for hybrid systems. The work of Tuomisto et.al introduce the 

possibility that thin films with lanthanides and organic molecules can be made for upconversion.  
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Figure 1.7. Drawing of the precursors used by Tuomisto et. al [26]. Ln(DPDMG) (left) and IR-806 (right). 

Downcoversion thin films synthesized by MLD have also been studied, although not in combination 

with organic molecules. Getz et. al achieved downconversion in YbVO4 [27] and YVO4:Yb3+ [28] thin 

films after post-annealing at 400 - 1000 ℃ and 1000 ℃, respectively. The films showed near infrared 

(NIR) emission when illuminated by UV light. As organic molecules mostly absorb in the NIR/Vis 

range, it makes more sense to use organic sensitization in upconversion systems rather than for 

downconversion.  

The size of the organic precursors used in MLD are usually moderate due to the necessity of getting the 

precursors into the vapor phase. Organic molecules commonly used in MLD films are small acids, 

alcohols or phenol precursors like furo[3,4-f][2]benzofuran-1,3,5,7-tetrone;napthalene and pyromelletic 

acid [29], pictured in Figure 1.8 a) and b). They have molecular masses below 400 g/mol and only one 

aromatic ring each. Naphthalene-imide based compounds, studied for electronic devices such as OLEDs, 

represent larger molecules when it comes to MLD precursors [30]. Their structures, DP-NTCDI 

presented as an example in Figure 1.8 c), are somewhat similar to that of the perylenes, shown in Figure 

1.6, but their sizes and molecular masses are noticeable smaller. IR-806 as presented in Figure 1.7, is 

large compared to other MLD precursors and the perylenes used in this project are even larger.  
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Figure 1.8. Chemical structures of a) furo[3,4-f][2]benzofuran-1,3,5,7-tetrone; naphthalene, b) 

pyromellitic acid and c) the naphthalene imide DP-NTCDI.  

Linkers are often needed in MLD reactions to connect different precursors together [29]. Acid groups 

have been proven to work as linkers between organic and inorganics molecules for example through 

extensive studies on thin films made with TMA and carboxylic acids [24, 31]. Klepper et. al use both 

aromatic and linear carboxylic acids to design organic-inorganic hybrid thin films [24, 32], 

demonstrating the convenience of their functional groups.  Building on this knowledge, Svendsen 

showed that hybrid films can be grown with Tb(bdc)3 and terephthalic acid (1,4-bdc) [33]. The two acid 

groups of 1,4-bdc provide two sites where Tb3+ can be connected, leading to film growth. Glycine (gly) 

is an amino acid that in this thesis will be used to help connect perylene with lanthanides by attaching 

the amine group to the imide position of PTCDA and leaving the acid group to connect to the inorganic 

precursors.  

 Previous Work on Upconversion and Perylene Based Thin Films  

Upconversion systems and perylene based thin films have been synthesized before, though not with 

MLD. This subchapter will give a short overview of upconversion nanoparticles and sensitization, 

upconversion thin films synthesized by different methods as well as other methods that have been used 

to make perylene-containing thin films.  
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 Upconversion Nanoparticles  

Lanthanide-doped upconversion nanoparticles have been synthesized in fluoride based host matrixes 

[34]. The particles are usually designed with an activator ion at the core enclosed in a shell of one or 

more sensitizers that transport the incoming light to the upconversion center. The sensitizer is usually 

Yb3+. Inert layers of host material are incorporated between each lanthanide to prevent concentration 

quenching. Wang et.al have synthesized NaGdF4:Yb/Tm core-shell  nanoparticles, illustrated in Figure 

1.9, where the activator X is placed in the shell region rather than at the core [35]. The figure also shows 

the proposed energy transfer mechanism within the particle [7].  

 

Figure 1.9. Illustration of the upconversion nanoparticles synthesized by Wang et. al with the 

corresponding energy diagram[35].  

Other examples of upconversion nanoparticles are nanocrystals of NaYbF4:0.5% Tm3+/CaF2 that have 

been successfully used to bio image animal tissue with quantum yields around 0.6 % [36].  Colloidal 

LiYF4:Er3+ nanocrystals have been found to show an upconversion photoluminescence quantum yield 

of 1.2 % [37], one of the highest efficiencies obtained for upconversion nanoparticles.   

The dominating challenge connected to upconversion nanoparticles are low efficiencies. The efficiency 

problem becomes more dominant in nanomaterials compared to bulk, due to size and surface effects[38]. 

Higher phonon energies arise due to inhomogeneous distribution of defects and strong surface effects, 

making quenching more likely [38]. To increase the efficiency of the upconversion nanoparticles Chen 

et.al began exploring the possibility of attaching organic dyes to the particle surface [39], as organic 

dyes have 1000-10 000 times greater cross section for absorption compared to the lanthanides ions [39]. 

The sensitized particles were successfully made with an upconversion quantum yield of 4.8 % [39]. 

Despite great progress, attaching organic dyes to the particles turned out to be challenging due to low 

stabilities of the dyes on the surface and lack of control of the number of organic dyes attached to each 

particle [34]. Another obstacle that nanoparticles are facing is that the upconverted light often is emitted 

from the core of the particle and can be absorbed by its surrounding layer. With a thin film this problem 
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does not exist since the incoming light will meet the film on one side, and emission will take place from 

all angles.  

 Upconversion Thin Films  

A few methods have been used to make upconversion thin films. The sol-gel method with acid 

hydrolysis is the most common way to synthesize such films. The sol, containing upconversion 

nanoparticles, can be spin coated onto a substrate [40], however a drawback  is that heat treatment is 

required to reduce the amount of quenching from OH-oscillators [41]. The heat treatment may lead to 

unforeseen luminescent properties. Y2O3, Gd2O3, ZrO2 and SiO2 thin films doped with lanthanides can 

be made by the sol-gel method or co-precipitation[40]. Dispersing NaYF4:3%Er,17%Yb nanocrystals 

in polymethyl methacrylate (PMMA) is another way of creating thin films with upconverting properties. 

With the dispersing technique heat treatment is not necessary and a polymer matrix can be used without 

distorting the upconverted light [41]. As mentioned earlier, upconversion thin films made by MLD is 

also becoming an area of interest [26], though sensitization with organic dyes have not yet been 

achieved.  

 Perylene Based Thin Films  

Thin films containing perylene have not been made with MLD before, but several other techniques have 

been used for that purpose. To avoid high sublimation temperatures of the organic dyes, techniques such 

as chemical vapor deposition (CVD) at low pressures have been used. Perylenes have also been 

dissolved in a polyimide matrix and evaporated at temperatures between 240-259 ⁰C at 2 x10-4 Pa [42]. 

Spin coating avoids temperature challenges altogether by suspending perylene in chloroform, but to use 

this technique the molecule must be soluble [43]. Furthermore, perylene-based semiconductor films 

have been deposited by organic molecular beam deposition under ultrahigh vacuum conditions [44]. 

Physical vapor deposition have also been used [45]. The sublimation of the perylene molecules will be 

thoroughly studied in this project.   



14 

 

 Theory and Methods 

This chapter will give an introduction to the luminescent properties of the lanthanides, the energy 

transfer mechanisms in upconversion and what the planned upconversion system looks like. Thereafter, 

the method used for sensitizing the thin films, MLD, will be described in more depth and the 

characterization methods introduced. These are divided into optical, X-ray and magnetic 

characterization methods.  

 Lanthanides and their Optical Properties  

As mentioned in the introduction, lanthanides are often used to make luminescent materials due to their 

optical properties. These properties can be blamed on the ladder-like energy levels of the lanthanides f-

orbitals. They stay similar to those of a free ion and do not participate in bonding due to the shielding 

of outer lying d-orbitals. As a consequence of this, transitions within the 5s2 5p6 4fn configurations can 

take place almost independent of the host matrix if the site symmetry allows it [5]. This property enables 

the transitions to compete with multiphonon relaxation, which is a process that quenches the emission. 

The lack of influence from the environment gives the lanthanides their sharp absorption/emission lines 

and makes the lanthanides suitable for doping into other materials to make phosphors.  

The efficiency challenge with lanthanides stems from their weak transitions between states. The 

intraconfigural (f-f) transitions in lanthanides are Laporte (parity) forbidden by the selection rules and 

should not take place [5]. Due to weak shifts in the ligand field, asymmetry will arise and make the 

transitions partially allowed. This leads to long lifetimes, but unfortunately also weak absorption. To 

summarize; the transitions causing luminescence are sharp due to shielding but weak because they are 

partially forbidden. Figure 2.1 presents the energy diagrams of the lanthanides with luminescent 

properties. To understand what happens in a luminescent material, the efficiency and the energy transfer 

mechanisms must be explored. The theory in this part of the chapter is taken from refs. [5, 35, 46, 47]. 
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Figure 2.1. Partial energy diagrams for the lanthanides with luminescent properties showing the energy 

states for each element[46]. The excited levels marked in red are states where upconversion emission 

typically can take place.  The rainbow axis to the left in the diagram is not correct when compared to the 

values on the axis.  

 Quantum Efficiency and Loss Mechanisms  

The quantum efficiency (QE) of a system describes the number of photons generated in a material 

compared to the number of photons absorbed. Equation 1 describes the different parameters affecting 

the quantum efficiency: 𝜂𝑡 is the transfer efficiency from sensitizer to activator ion, 𝜂𝑎𝑐𝑡 is the quantum 

efficiency of the activator and 𝜂𝑒𝑠𝑐 is the probability for the photons generated in the system to escape 

out of the material to give luminescence. 𝛽𝐸𝑔 is the energy needed to generate an electron/hole pair, hv 

is the energy of the photons emitted and r is the backscatter coefficient, giving the amount of incoming 

photons that are backscattered rather than absorbed in the material.  

𝜂 =  
(1 − 𝑟)[ℎ𝑣]

βEg
∗ 𝜂𝑡𝜂𝑎𝑐𝑡𝜂𝑒𝑠𝑐         (1) 

The parameters represent three loss mechanisms in the material: 

1. The energy does not reach the activator ion 

2. The absorbed energy reaches the activator ion, but non-radiative decay takes place 

3. The luminescence generated in the material is reabsorbed  

The first loss mechanism can be controlled by adjusting the optimal distance between sensitizer and 

activator ion and ensuring overlap between the emission of the sensitizer and the absorption of the 

activator. Non-radiative decay can be avoided by preventing multiphonon relaxation and concentration 

quenching by choosing a suitable host lattice, activator ion and keeping the level of impurities low, 
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respectively. By using a host lattice of low phonon energies and activator ions with sufficiently large 

gaps between the energy states, multiphonon generation can be avoided. As a rule of thumb, the distance 

between two energy levels should be larger than the energy of 5 phonons to ensure radiative decay rather 

than multiphonon relaxation. Keeping the impurity level low ensures that energy migration of excited 

states to activator positions can happen and that unwanted cross relaxation processes do not take place. 

Cross relaxation will be elaborated on in the next subchapter.  To predict the luminescent behavior and 

avoid loss mechanisms some background about energy transfer mechanisms is useful.  

 Energy Transfer Mechanisms  

In multicomponent systems, energy transfer (ET) must take place for luminescence to occur. The 

transfer can occur between dopant ions in a host lattice or between dopants and the lattice. Often one 

ion is used to sensitize another to achieve higher efficiencies.  

Exchange interaction is a type of energy transfer that requires the ions involved to be in physical contact 

with each other. The illustration to the left in Figure 2.2 shows how an excited electron on the sensitizer 

ion will move over to the excited state on the activator, simultaneously as a ground state electron on the 

activator moves over to the ground state of the sensitizer. The substitution process leads to an excited 

activator and a deexcited sensitizer.  

 

Figure 2.2. Illustration of two energy transfer processes. Left: Exchange interaction – an electron in the 

ground state of the activator is substituted with an electron in the excited state of the sensitizer. Right: 

Cross relaxation – electrostatic ET where one excited electron on the sensitizer falls down into an 

intermediate state, making an electron on the activator be excited into another intermediate state.  

Electrostatic force interaction between the ions is another way of transferring energy without physically 

moving the electrons from one ion to the other. Energy from the deexcitation of a sensitizer is transferred 

through dipoles or quadrupoles, forcing the activator into an excited state. Cross relaxation is one of 

these electrostatic processes. The illustration to the right in Figure 2.2 presents how an excited ion falls 

down to a lower energy state, exciting the neighboring ion into a higher energy state. Cross relaxation 

can take place between the same types of atoms or between different atoms using phonon assisted cross 
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relaxation to make up for the difference in energy between levels. In this project many of the energy 

transfers will take place through cross relaxation, but this process can also be unwanted as it can quench 

luminescence from actual activator sites. The distances between the ions dictate whether cross relaxation 

will take place and the distribution of the different ions is therefore crucial.  

A third possible energy transfer mechanism is photon reabsorption where emitted light from the activator 

is reabsorbed another place in the system. This is a rarity in lanthanide systems due to their low 

absorption, but can be a problem when using a sensitizer such as an organic dye. It is therefore crucial 

to choose a sensitizer that is transparent in the area where the activator emits light.  

2.1.2.1 Energy Transfer in Upconversion Systems  

In upconversion systems electrostatic or exchange interactions are used for energy transfer, but more 

specific processes must be described to explain upconversion. Excited state absorption (ESA) and 

energy transfer upconversion (ETU) are the two most common processes in nanosystems. Excited state 

absorption is upconversion taking place on one ion by applying high intensity, monochromatic light. 

Multiple photons are excited first to one intermediate state and from there up to another. The process is 

illustrated in Figure 2.3 a). ESA is not relevant in systems meant to work for solar cell applications due 

to the criterion of a laser-like light source. Energy transfer upconversion on the other hand, is relevant 

for such applications as it involves a sensitizer transferring its absorbed energy to an activator ion by 

either exchange or electrostatic interaction. ETU can take place by a cooperative process where more 

than one sensitizer is excited simultaneously and all the energy transferred to the activator. It can also 

happen by subsequent absorption on one sensitizer. The process is illustrated in Figure 2.3 b). 

 

Figure 2.3. a) Excited state absorption (ESA), b) Energy transfer upconversion (ETU), c) Energy 

migrated-mediated upconversion (EMU) where 1 is the sensitizer, 2 is the migrator, 3 is the accumulator 

and 4 is the activator.  

Energy migrated-mediated upconversion (EMU), illustrated in Figure 2.3 c), can be seen as an extension 

of the ETU process where more ions are included to keep the activator and sensitizer separated. A 
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sensitizer, migrator, accumulator and an activator ion are used and have different tasks in the system. 

The sensitizer absorbs the energy, the migrator contribute to the transportation of energy over larger 

distances while the accumulator do the upconversion. The activator emits the energy. In some systems 

one ion has more than one role.  

The energy transfer mechanisms in a system determine what type of luminescence arises, and what 

lanthanides to use must be chosen with regard to this. There is no standard ET mechanism for any 

lanthanide, however there are certain trends for ET between specific lanthanides depending on the 

doping concentrations, distances between dopants and the temperature of the system. Ln3+ = Thulium 

(Tm3+), Erbium (Er3+) and Holmium (Ho3+) are often used as upconverters because they have ladder-like 

energy levels that can work as intermediate states and hence encourage the ETU mechanism. The levels 

of these lanthanides are not too close to each other and hence multiphonon relaxation can, to a certain 

extent, be avoided.  

Ytterbium (Yb3+) are often used as a migrator in EMU systems as it only has one energy level at long 

wavelengths, at 980 nm. It can therefore can be placed close to the activator ion with minimal risk of 

cross relaxation of energy back to Yb3+ after upconversion has taken place. The energy level of Yb3+ do 

not differ too much from the energy levels of usual accumulators, making energy transfer possible 

through phonon assisted cross relaxation. Sensitization of Tm3+ by Yb3+ through the ETU process has 

been studied, with a doping level of Yb3+ varying from 20 – 98 % and Tm3+ lying between 0.2 – 2 %, to 

avoid cross-relaxation between Tm3+ ions. In many cases a higher doping level of Yb3+, and shorter 

distances to the activator, greatly increases the efficiency of the energy transfer. In some systems, Yb3+ 

is used as a sensitizer because it has a large absorption cross section compared to other lanthanides, 

though the absorption is still regarded as weak compared to that of organic dyes.  

In an organic sensitized system, the absorption cross section of Yb3+ must overlap with the emission of 

the organic dye. Two approaches can be used to ensure sufficient transfer. The first approach is to tune 

the emission of the sensitizer. The second approach involves addition of another dopant, such as 

Neodymium (Nd3+), to bridge the absorption gap between the organic and Yb3+. Nd3+ has more energy 

levels than Yb3+ and can therefore help with the tuning by accepting incoming energy from the sensitizer. 

Two challenges with using Yb3+ and Nd3+ together is that back transfer from Nb3+ to Yb3+ can take place 

at increased temperatures [48] and that they alone can form an upconversion system where Yb3+ function 

as the activator. The latter is usually not a problem as ETU is not possible and other mechanisms require 

higher intensity of the incoming light.  

An EMU structure is required in the planned upconversion system in this project as the activator and the 

organic dye cannot be placed in too close proximity to each other. Organic dyes have high phonon 

energies promoting multiphonon relaxation in Tm3+ rather than radiative decay. In addition to this, the 

upconverted energy in the excited state of the activator would be transferred back to the organic 
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molecule through cross relaxation rather than being emitted as light. Cross relaxation leading to back 

transfer of energy can also be a challenge if Tm3+ is placed close to Nd3+. A migrator with no available 

energy states for cross relaxation of upconverted light must be placed between the activator and the 

other parts of the system. A host matrix of low phonon energies, such as fluorides, is also required.   

 The Sensitized Upconversion System  

Figure 2.4 shows an illustration of the energy diagram of the planned upconversion system and presents 

how the energy will move throughout the different parts of the film. A perylene molecule will be used 

as an organic sensitizer absorbing incoming light and transferring this to Nd3+ ions in the structure. The 

perylene is there to ensure high upconversion efficiency by exploiting its large absorption cross section. 

Nd3+ is included to bridge the ET between Yb3+ and perylene, further promoting high efficiency of the 

system. Yb3+ is a part of the host matrix and work as a migrator in the system transferring the energy to 

Tm3+, which works as both accumulator and activator, where the upconversion and emission of high 

energetic light takes place.  

 

 

Figure 2.4. A schematic illustration of the energy levels of the different components in the planned 

upconversion system. Incoming irradiation will excite an electron in the organic sensitizer, perylene, and 

the energy of this electron will be transferred by Nd3+ to Yb3+ and all the way to Tm3+. Tm3+ will be 

upconverted after receiving extra energy from a second perylene molecule and emit light with higher 

energy than the incoming photons.  
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The composition of the planned organic sensitized upconversion thin film is schematically drawn in 

Figure 2.5. The approximate number of deposition cycles for each element, Tm3+, Yb3+, Nd3+ and 

perylene, is given by n and presented in the drawing. The number of supercycles and YbF3 cycles is not 

given explicitly. The sensitized upconversion system will be embedded in an YbF3 matrix.  

 

 

 

Figure 2.5. A drawing of the different deposition layers of the sensitized upconversion system. 300 and n 

refer to number of deposition cycles. The upconversion ions and the sensitizers are embedded in an YbF3 

matrix. 

 Molecular Layer Deposition 

Molecular layer deposition is a gas-phase deposition technique that allows uniform growth by self-

saturating surface reactions. The basic principle is that each precursor is introduced into the reaction 

chamber individually, separated by a purge of an inert gas before the next precursor follows. The purging 

step ensures that gas-phase reactions are avoided and the thin film can grow one monolayer at a time 

[49].  

Figure 2.6. illustrates the different steps in an MLD cycle using TMA (Al(CH3)3) and H2O as precursors 

and N2 as a purging gas. TMA is pulsed into the chamber where it chemisorbs to the substrate. When 

the substrate is saturated, more precursor may physically adsorb but this will ideally be removed by the 

following N2 purge. Next, H2O is pulsed into the chamber, reacts with the surface and is followed by a 

new purge. The film grows monolayer by monolayer, in a self-limiting process with unique control of 

the thickness and homogeneity [49].  
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Figure 2.6. Illustration of the cyclic nature of an ALD process for growth of Al2O3 adapted from [50].  

 Advantages of MLD   

There are many advantages of using molecular layer deposition to make thin films. One of the most 

prominent ones is the possibility to make uniform films in a reproducible manner. When the different 

parameters are optimized and the chemistry of the precursors known, the deposition of films is easily 

repeated and one sublayer will grow per cycle. This gives the user a unique control of the thickness and 

thereby the properties of the film. It is also a very simple technique when the recipe is known, simply 

refill the precursors, add substrates to the reaction chamber and the process will go along as 

programmed. Another advantage is the possibility to scale up the process to an industrial scale without 

too much trouble. This makes it suitable in for instance the microelectronic industry [16].  

 Ideal MLD Behavior    

To enable full exploitation of the MLD method, certain parameters must be balanced to ensure optimized 

film growth. Firstly, suitable precursors with reasonable sublimation temperatures must be chosen. The 

precursors must be volatile and show thermal stability in the gas phase and also on the substrate surface 

[16]. They must have reactive sites to form bonds with the substrates and the other precursors while they 

do not react with themselves. Self-decomposition must be avoided and it is also preferable if the 

precursor is non-toxic, easy to handle and cheap [16]. Prominent self-growth and decomposition are two 

of the main reasons for uneven MLD growth and it is therefore important to choose the precursors with 

care.  
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Secondly, pulse and purge times must be optimized to ensure that each precursor has enough time to 

react, and residues can be removed before the next precursor is introduced. This is vital to achieve 

saturated growth and avoid gas-phase reactions [51]. 

Thirdly, the process must be operated at a reasonable temperature. Figure 2.7 illustrates the MLD 

window which is the area where a uniform growth rate can be expected. In this temperature region both 

precursors are in the gas phase and they enter the reaction chamber subsequently to saturate the surface 

before the next precursor is introduced. The growth pr. cycle is even, and a uniform film can be obtained. 

At lower temperatures two unwanted scenarios can take place; the thermal energy is too low for the 

reactions to saturate properly or the precursors may condense on the substrate [15]. At temperatures 

exceeding the MLD window the precursors might decompose or desorb. This can lead to reduced growth 

rates or to CVD-growth, meaning that the precursors react in the gas phase [15].  

 

Figure 2.7. Illustration of the ALD window, which is the temperature range where uniform growth can be 

expected. Outside this temperature region unwanted effects can take place. 

 Quartz Crystal Microbalance  

The quartz crystal microbalance (QCM) technique is based on the concept that an object vibrating at its 

resonant frequency will experience a change in frequency when the object loses or gains mass. Using 

an in-situ QCM configuration in an MLD reactor enables detection of each new monolayer of film 

deposited. This can be used to study the growth rate of the film and hence to optimize the pulse and 

purge times of the respective system.  

Quartz is a piezoelectric material and will therefore be able to vibrate when connected to an external 

driving oscillator circuit. Two metal electrodes are put on the single crystal quartz disk and changes in 

the frequency are recorded according to Sauerbrey’s equation (equation 2)[52].  

∆𝑓 =  
2𝑓0

2∆𝑚

𝐴√𝜇𝑝
= 𝐶∆𝑚       (2) 
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f0 is the crystal resonant frequency, Δm is the change in mass, ρ is the density of the quartz crystal, µ is 

the shear modulus and A is the effective area of the electrode. The proportional relation between change 

in frequency and mass is evident from the equation.  The other parameters are assumed constant and can 

therefore be put together in a constant C.  

 The Precursor Tester 

The Precursor tester is a device made to determine the sublimation temperatures of possible precursors 

for MLD. The aim is to simulate the conditions in the MLD reaction chamber and to determine whether 

the precursor is suitable to use in an MLD reaction. Figure 2.8 illustrates the reaction chamber which 

consists of a sample holder connected to vacuum and placed inside a glass tube. The sample is heated, 

and the temperature is controlled by a thermocouple, while the color change of an alumina disk above 

the sample detects when the precursor starts to sublimate. By comparing pictures with the measured 

temperature at the given times, plots of when the precursor sublimates can be made. An alumina disk 

used for data analysis (left), and a typical plot of the color change of the disk as a function of temperature 

(right), is given in Figure 2.9. 

 

Figure 2.8 Schematic drawing of the setup of the precursor tester seen from the side. An alumina disk is 

placed over the holder where the precursor powder is heated. A camera detects the color change on the 

disk. 
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Figure 2.9 Left: Picture of the area of the alumina disk used in data analysis. Right: Plot of how the gray, 

red, green and blue color tones of the alumina disk change as a perylene is deposited on it. The plot 

changes take place as the temperature increases, making it easy to identify the sublimation temperature.  

A second configuration, consisting of a QCM crystal rather than an alumina disk, can also be used. The 

crystal is piezoelectric and the sublimation is noticed by a change in the crystal’s frequency when parts 

of the sample is deposited on it. A camera is set up outside the reaction chamber to record the 

sublimation visually.  The frequency, temperature and the pictures are saved as a function of time. This 

configuration works well for precursors that sublimates below 300 ⁰C. Above this temperature the crystal 

tends to malfunction.  

 Optical Characterization   

Optical characterization methods include techniques where photons with energies in the range from the 

near infrared (NIR) to ultraviolet (UV) is used to provide information about the chemical or physical 

properties of a material. Numerous such methods have been used in this project and their basic principles 

are described in the following. Cathodoluminescence (CL) is included in this section.  

 Spectroscopic Ellipsometry  

Spectroscopic Ellipsometry (SE) is a non - destructive method for characterizing the thickness and hence 

the growth rate of thin films. A light beam of linear polarized light is aimed at the sample and the change 

in polarization of the reflected light is detected. The incident light is in the range between 380 – 900 nm 

and the angle of the beam is usually between 70-80°. The reflected light can be described by elliptical 

coordinates, hence the name ellipsometry. The change in the polarization of the light can be fitted to a 

model describing a certain type of material, enabling quantification of the refractive index and the 

sample thickness. Films between 0.1 nm – 200 μm can be measured. The descriptions about SE are 

adapted from Fujiwara’s book on spectroscopic ellipsometry [53].  

The two optical parameters; Ψ and Δ are the output parameters of an ellipsometer measurement. The 

parameters describe the change in amplitude ratio between p- and s- polarized light (Ψ) and the change 
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in phase difference between p- and s- polarized light (Δ). Figure 2.10 illustrates how the properties of 

the light waves change after they have been reflected by the sample surface. Ψ and Δ can be converted 

into the refractive index and extinction coefficient of the material when applied in the Fresnel equation 

(also given in Figure 2.10).   

 

Figure 2.10. Illustration of how the p-and s-polarized light change when reflected from the sample surface. 

The Fresnel equation converts the wave parameters Ψ and Δ into the refractive index and the extinction 

coefficient of the sample. Illustration taken from [53]. 

Optical models must be applied to convert the reflected light into useful parameters. The Cauchy 

function can be used for non-absorbing films. The function is given by equation 3 where 𝑛(𝜆) is the 

refractive index of the material and 𝑛0, 𝑛1, 𝑛2 are analytical parameters. To measure the thicknesses of 

absorbing films, other models that take the absorption areas of the films into account must be used or 

the Cauchy function can be applied outside the absorbing area.  

𝑛(𝜆) = 𝑛0 +  
𝑛1

𝜆2
+  

𝑛2

𝜆4
        (3) 

 Fourier – transform Infrared Spectroscopy  

Fourier – transform infrared spectroscopy (FTIR) exploits that absorption in the infrared area can induce 

vibrational transitions in a molecule. The vibrational transitions are characteristic for certain functional 

groups and can hence be used to make a fingerprint spectrum of the molecule. Symmetric and non-

symmetric stretching and bending are types of vibrational transitions and can be measured if a change 

in the molecule’s dipole moment takes place. A centrosymmetric molecule is said to be IR inactive and 

other methods such as Raman spectroscopy must be used to find the vibrational transitions. 

Fourier-transform IR has the advantage that data of all frequencies are collected simultaneously rather 

than a scan taking place from one frequency to the next. For this method to work an interferometer is 

used to convert the IR signals into an interferogram and thereafter Fourier-transformed back to the 

frequency spectrum. This mathematical method is faster, have better signal to noise ratio and higher 

wavenumber precision than other IR methods [54]. The wavenumber (in cm-1, reciprocal centimeters) 

is usually used to mark the frequencies’ position in the spectrum.  
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 Raman Spectroscopy  

While FTIR measures the vibrational transitions induced by absorption of light, Raman spectroscopy 

measures the residual light after photons have been inelastic scattered by the sample [55]. The shift in 

the energy of the light provides information about the phonon modes of the sample and so the two 

techniques can be said to be complementary. The detected light will have higher or lower energy than 

the incoming light, giving rise to what is called anti-Stokes or Stokes peaks in the Raman spectrum, 

respectively. The intensity of the inelastically scattered light is very low compared to that of the Rayleigh 

peak, a peak at wavelengths corresponding to the incident light. This has to be filtered out to enable 

interpretation of the Raman spectrum. The Raman peaks are placed at the characteristic phonon 

frequencies and come from a change of polarizability or susceptibility of the sample. Raman is mostly 

used to identify molecules by their fingerprint spectra but can also be used to observe structural changes 

in a material induced by external stress [55].   

 UV-Vis Spectroscopy  

Absorption of photons in the UV (190 – 400 nm) through the visible (400 – 780 nm) area can induce 

electronic transitions from a material’s ground state to an excited state. Information about the transitions 

can be obtained by detecting the residual light after an incoming light ray has passed through a sample. 

The absorbed light can be described by the following relation: 

𝐴 = 1 − 𝑇 − 𝑅 − 𝑆      (4) 

In equation 4, A is the absorbed light, T is the transmitted light, R is the reflected light and S the scattered 

light.  

The spectroscopy equipment consists of a broadband light source, a dispersing element and a detector 

[5]. An arc lamp based on a high-pressure gas discharge or a halogen lamp is commonly used as 

excitation source. Light goes through a monochromator with a prism or a grating that disperses the light. 

The wavelength of interest is let through a slit and irradiates the sample [6]. On a dual beam instrument 

one beam can be directed through a reference beam path while the other go through the sample. In a 

single beam instrument a baseline measurement must be used to find the relative transmittance or 

reflectance of the sample [6]. BaSO4 is often used as a standard due to its near 100 % reflectance. Both 

configurations have been used in this project. 

The transmitted or reflected light is measured by a detector that converts the light into either current or 

oscillations. Photomultiplier tubes (PM) are often used as detectors as they utilize the photo-emissive 

effect to multiply the number of electrons exponentially by leading the electrons into a tube where they 

hit dynodes and emit secondary electrons [5].  
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 Photoluminescence Spectroscopy  

Photoluminescence spectroscopy (PL) is a characterization method where the emission of light is 

detected after a sample has been optically excited. Radiation from the light source, UV or visible light, 

is absorbed in the material leading to excitation of electrons from the ground state into a higher energy 

state. Relaxation of these electrons will occur for some time after the excitation, with some of these 

transitions releasing photons. The photons released will have wavelengths a little longer than the 

incoming radiation due to loss mechanism such as heat in the material, causing what is called a Stokes 

shift in the emission spectrum.  

There are two modes of PL measurements; measure the emission spectrum or the excitation spectrum. 

To obtain an emission spectrum the excitation element is kept fixed at one wavelength while the emitted 

light is scanned for all wavelengths of interest. The spectrum provides information on the energetic 

positions of the optical transitions that are involved in emission. An excitation spectrum is made by 

scanning the excitation light and setting the emission monochromator to a wavelength of one strong 

emission line. The excitation spectrum provides information on the energetic positions of absorption 

bands that lead to emission of the chosen wavelength [5].  

The configuration for a PL experiment is similar to that of UV-Vis, using a light source, dispersing agent 

and a detector. In this case the excitation source is a laser, a photodiode or a xenon lamp. A continuous 

excitation beam gives higher intensities and thus higher absorption in the samples than a pulsed 

excitation beam, but the wavelength of the incoming light cannot be varied and measuring excitation 

spectra is not possible. Photomultiplier (PM) tubes are often used as detectors in the UV-Vis area and 

charge- couples device detectors (CCD) in the NIR area. While PM detectors count the electrons as they 

hit the tube, measuring different parts of the spectrum as the electrons are detected, the CCD makes a 

full scan of the whole measured area at the same time.  

 Time - resolved Photoluminescence Spectroscopy  

Time-resolved photoluminescence (TRPL) is a PL configuration using pulsed wave excitation. The 

emission spectra can be measured at different times after the excitation pulse has been absorbed. This 

type of experiment provides information about the lifetime of the different phosphors in the material. It 

also enables detection of less prominent emissions as these might be seen after the other luminescent 

peaks have disappeared. If the quantum efficiency η is known, the radiative decay time can be 

determined from the decay-time measurements using the relationship given in equation 5 [55]. 

𝜂 =  
𝜏

𝜏0
            (5) 

τ represents the radiative decay rate and τ0 the decay time. The emission intensity as a function of time 

after pulsing can be plotted logarithmic. The lifetime can be derived from AT, the total decay rate, by the 

formula in equation 6. AT is given by the slope of the logarithmic curve [55].  
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𝜏 =  
1

𝐴𝑇
             (6) 

 

 Cathodoluminescence Spectroscopy and Imaging  

Similarly to PL, the cathodoluminescence method (CL) uses the emission of light to detect electronic 

transitions in a material. The main difference from PL is that a high energy electron beam is used to 

bombard the sample, rather than high energetic photons. The beam causes inelastic scattering of 

electrons within the specimen. This leads to transitions into many energetic states, inducing emission 

spectra in wide spectral ranges [56]. In this project the characterization experiments will be performed 

in a Scanning Electron Microscope (SEM). CL helps detect what energy transitions take place in the 

sample and therefore what compounds or defects are present [56]. It also provides emission spectra of 

the samples, including more energetic transitions than what is possible with PL- excitation.  

 X-ray Characterization  

X-ray radiation can be used for characterization in the same way as electromagnetic waves in the NIR-

UV areas. X-rays are radiation of wavelengths from 0.01 – 10 nm and are used in many different 

characterization methods. In this project X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 

(XPS) were used. X-rays are usually produced by bombardment of a material with a high energy electron 

beam.  

 X-ray Diffraction 

X-ray diffraction (XRD) is a method for determining the crystallinity and exploring the structure of a 

sample. Incident X-rays will hit the atomic planes in the structure and be scattered. Rays scattered from 

atoms in neighboring planes will interfere with each other, giving constructive interference when the 

angle (θ) fulfills the relationship given in Bragg’s law (equation 7): 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃  (7) 

θ is the angle of the incident light, d represents the distance between the atomic planes, and λ is the 

wavelength [57]. Bragg’s law gives that a diffracted beam travelling an additional path length equal to 

an integer multiple of the wavelength of the incident photon results in constructive interference. This 

provides a peak in the diffractogram which can be analyzed to give structural information about the 

sample. The relation is illustrated in Figure 2.11.  
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Figure 2.11. Illustration of Bragg's law. The incident beam hits the atomic planes leading to diffraction of 

rays in phase due travelling distances equal to a multiple of the incident wavelength. The wavelength can 

be related to the interatomic distances d through the angle of which the light comes in and exits the 

sample. The mathematical relation is given in Bragg’s law (equation 7). Constructive interference gives 

peaks in the diffraction pattern.  

 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique for elemental analysis. The 

sample is illuminated with X-rays under ultrahigh vacuum and core electrons are excited out from their 

positions and emitted as a photoelectrons [58]. Auger electrons, i.e. electrons from higher energy levels 

pushed out due to deexcitaton of other electrons, can also be emitted. The excitation of a photoelectron 

and an Auger electron is illustrated in Figure 2.12. 

 

Figure 2.12. Illustration of a photoelectron (left) and an Auger electron (right) being excited from their 

ground positions and out beyond the vacuum level.  

The energy of a photoelectron equals the kinetic energy and can be used to calculate the binding energy 

of the electron. Each element has a characteristic binding energy which can be used to detect the different 

elements in the sample. The following formula is used to calculate the binding energies: 

𝐸𝐵 = ℎ𝑣 − 𝐸𝐾 − Φ   (8) 
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EB is the binding energy, hv is the energy of the incoming photon, EK is the kinetic energy of the 

photoelectron and Φ is a material parameter describing the energy required for an electron to escape the 

surface of the material. XPS can be used to detect different configuration of the same element as EB 

varies with the oxidation state. The sample should preferably be conductive because insulating materials 

will have accumulation of positive charges on the surface, as electrons are excited out of the specimen. 

Accumulation of charge will change the value of Φ throughout the measurement and the surface 

potential will lead to uncertainties.  

An XPS plot of photoelectron intensity vs. binding energy show three types of emission peaks. Primary 

peaks from core electrons have the strongest intensities while valence electrons and Auger emission 

give smaller peaks. Interaction of photoelectrons with valence electrons can in some cases give extra 

shake-up satellite peaks. Rare-earth metals with unpaired electrons might have strong shake-up peaks, 

while organic molecules can have shake-up satellites with up to 10 % intensity compared to primary 

peaks [58].  

 Nuclear Magnetic Resonance  

Nuclear magnetic resonance (NMR) is a technique based on the fundamentals that the nuclei of all 

elements possess both mass and charge. Many elements have different isotopes that have nuclei with 

spins that can give rise to a magnetic moment. The magnetic moment is the key factor in NMR as an 

external magnetic field can lead magnetic moments to align and spin-flip when exposed to a quantity of 

energy. 

An NMR measurement is conducted by irradiating a sample with radio frequency (rf) radiation to induce 

transitions between magnetic quantum states within the sample. To make a transition happen the 

incoming rf must be in resonance with the precession frequency of the nuclei being studied[6]. The spin 

will change from being aligned parallel with the magnetic field in the lower state to anti-parallel 

alignment after the excess energy is added. When the energy source is removed the spins will relax back 

to their original alignment. The relaxation provides information not only about that exact nuclei but also 

about the chemical bonding and local electronic structure[6]. Isotopes with no spin is inactive in NMR. 

The frequency required to flip a spin is given by the Larmor frequency written in equation 9. The Larmor 

frequency is given by ν, where B0 is the magnetic field and γ is the gyromagnetic constant which is 

specific for each isotope [54]. The equation shows that in a strong magnetic field the distance between 

the energy states will increase and a higher resonance frequency is required to make a spin-flip.  

𝜈 =  
𝛾𝐵0

2𝜋
   (9) 

Solid state NMR can be used in cases when a sample is hard to dissolve in a liquid or to look at specific 

structures of polymers or zeolites. Compared to liquid-state NMR, solid state measurements are far more 
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complicated to analyze. The chemical shift interaction is not a scalar anymore because the molecules 

are no longer mobile in the same way as in a liquid state [6]. Furthermore, the spins of the stationary 

molecules will interact and give broad peaks in the spectrum.  
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 Experimental Work   

This chapter presents the various precursors and experimental methods employed in the project. The 

precursors will be introduced followed by a description of synthesis of one perylene, PDI. 

Characterization tests of the organic precursors will be elaborated on before the equipment of the 

molecular layer deposition technique is explained. The procedures used for determining the properties 

of the thin films is described in the last part of this chapter.  

 Precursors  

The various precursors used in the MLD depositions are listed in Table 1 along with molecular weight, 

supplier, CAS- and LOT-number. The three perylenes used in the project are shown in Figure 3.1, 

together with their abbreviations. PTCDA and Fluorescent agent-5 (FA5) were bought from Aldrich 

Chemistry and AK Scientific, respectively, while PDI was synthesized from PTCDA and glycine. The 

rest of the precursors, illustrated in Figure 3.2, were used as received from the suppliers.  

Table 1. The precursors used in the MLD depositions.  

Compound Linear formula Molecular 

weight 

(g/mol) 

CAS 

number 

Supplier LOT number 

PTCDA C24H8O6 392.32 128-69-8 Aldrich 

Chemistry 

NCBV0212 

PDI C28H14N2O8 506.42 - - - 

FA5 C64H56O10 985.12 156028-30-7 AK Scientific RX44375  

Glycine C2H5NO2 75.07 56-40-6 Sigma 

Aldrich 

SLBV5094 

Ammonium 

fluoride 

NH4F 37.04  12125-01-8 Sigma 

Aldrich 

- 

Y(thd)3 Y(C11H19O2)3 638.71 15632-39-0 Strem 

Chemicals 

32595700 

Eu(thd)3 Eu(C11H19O2)3 701.77 15522-71-1 Strem 

Chemicals 

- 

Yb(thd)3 Yb(C11H19O2)3 722.86 15492-52-1 Volatec - 

Tb(thd)3 Tb(C11H19O2)3 708.73 15492-51-0 Volatec - 

Tm(thd)3 Tm(C11H19O2)3 718.74 15631-58-0 Strem 

Chemicals 

- 

Nd(thd)3 Nd(C11H19O2)3 694.04 15492-47-4 Strem 

Chemicals 

- 
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Figure 3.1. The three perylene precursors. From the left: 1. PTCDA, 2. PDI, 3. FA5. 

 

 

Figure 3.2. Left: 1.Glycine, 2. Ln(thd)3 where Ln3+ = Eu3+, Tb3+, Y3+, Yb3+, Tm3+ or Nd3+, 3.The fluoride 

precursor; NH4F. 

 Synthesis of Perylene Diimide (PDI) 

PDI was synthesized from PTCDA and glycine (amino acid) using imidazole as a solvent. The 

condensation method discussed in Datar et al. was used [59] and an illustration of the synthesis route is 

presented in Figure 3.3. For the standard experiment 0.286 g/0.729 mmol PTCDA, 0.438 g/53.3 mmol 

glycine and 3.63 g/5.83 mmol imidazole were weighed out. The reactants were mixed together in a 

round bottom flask that was heated in an oil bath to 120 ℃ for 4 hours. The substance turned deep 

purple. The mixture was cooled down to room temperature and 20 mL ethanol and 60 mL 2M HCl were 

added. The blend was left stirring overnight.  
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Figure 3.3. Synthesis route of PDI from PTCDA and glycine. 

The powder was allowed to settle to the bottom off the flask and most of the liquid was decanted off. 

The rest of the mixture was vacuum filtrated until all the excess liquid was gone and thereafter washed 

with distilled water to neutral pH. The cake was left to dry in an oven at 60 °C over the weekend. The 

resulting precursor was collected and crushed to a fine powder with a mortar. The powder had a deep 

pink color compared to the start perylene which was deep red. In some of the syntheses the amount of 

reactants were increased times 10 to make sufficient amounts of precursor to last for a few MLD runs. 

The ratio between the reactants was kept the same and the exact used values for all syntheses are 

provided in Table 17 in Appendix I. 

3.1.1.1 Solid State NMR 

Solid state NMR analysis was performed to characterize the PDI product. The analysis was conducted 

on a Bruker 500 MHz instrument and the software used was Topspin 3.0. Magic angle spinning (MAS) 

= 10kH. The powders (approximately 0.1 g) were encapsulated in 4 mm zirconia rotors. Simulations of 

the predicted spectra were performed through an online NMR simulator [60] building on a tool 

developed by Binev et. Al [61].  

 Solubility Tests/Luminescence Tests  

An attempt was made to dissolve the organic precursors in different solvents to see whether they were 

luminescent in the liquid state. The following solvents were used; H2O, ethanol, acetone, methanol, 2-

propanol, dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), 

chloroform, toluene, acetonitrile (MeCN), and ethyl acetate (EtoAC). The dissolved samples were 

illuminated with a 230 V UV-lamp from Sigma Aldrich. The solubility tests were also useful to explore 

whether it was possible to do liquid state NMR of the precursors.  

 The Precursor Tester 

The sublimation temperatures of the organic precursors were determined by the precursor tester. A tip 

of a spatula was used to measure up some sample powder and transferring it to the sample holder. The 

holder was heated under vacuum with the temperature profile shown in Figure 3.4.  
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Figure 3.4. The temperature profile used for finding the sublimation temperatures of the perylenes. 

Glycine was only heated up to 250 ⁰C as it was expected to sublimate at temperatures lower than the 

organic dyes.  

A camera was placed outside of the tube taking pictures every minute, either of the precursor powder in 

the sample holder or of the alumina disk. A custom made software was used as a temperature program 

and DinoCapture 2.0 was the software connected to the camera. The pictures where run through a python 

script to correlate the color change of the alumina disk with the temperature. When measuring the 

sublimation temperature of glycine, a quartz crystal microbalance (QCM) was used, and the frequency 

logged as a change of temperature in a modified version of LABView.  

 Deposition of Thin Films  

 The ALD Reactor  

The depositions of the thin films were performed in an ASM Microchemistry F-120 Sat reactor. This is 

a hot walled reactor meaning that the temperature is the same in the whole reaction chamber and that 

the film will be deposited on all available surfaces. The advantage of a hot walled reactor is that the film 

ideally will be uniformly deposited on the substrate as there are few temperature gradients. The reactor 

is constructed of a silica tube equipped with pyrex glass tubes where the precursor boats can be inserted.  

The interior of the reactor is divided into 8 zones, without counting zone 0, that are schematically drawn 

from the side in Figure 3.5 (left). Zone 1- 4 usually contain precursors while zone 5-8 are temperature 

stabilizers and deposition zones. Zone 0 does not have its own thermocouple or temperature logger and 

is usually not counted as a precursor zone.  Different zones provide the possibility of a temperature 

gradient throughout the reactor. This feature enables precursors with different sublimation temperatures 

to be used simultaneously. Figure 3.5 (right) shows where the precursor tubes are inserted into the 

reactor and the belonging letter that is assigned to each tube. The thermocouples are inserted at the top 

of the silica tube and the exhaust tube goes at the bottom.  
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Figure 3.5. Left: Schematic drawing of the reactor zones viewed from the side with a precursor being 

sublimated and entering the reaction chamber. Right: The insertion points for the precursor tubes with 

their belonging letter. The tube for the thermocouples and the exhaust tube are also marked.  

Magnetic valves are used to control a flow of a carrier gas to lead the sublimated precursors into the 

reaction chamber. After a pulse of precursor, a purge of the carrier gas is used to remove unreacted 

reactants from the reaction chamber before a new precursor is introduced. A Schmidlin Sirocco 5 

generator supplied the nitrogen purging gas. The primary flow was held at 300 cm3min-1 and the 

secondary flow at 200 cm3min-1.   

In this project, measures have been taken to expand the possible temperature range of the reactor by 

using two extra zones, 0 and 5. Doing so enables precursors with a big difference in sublimation 

temperatures to be used simultaneously. Special glassware was ordered to make it possible to use zone 

5 as a precursor zone as the normal precursor tubes do not reach further than into zone 4. Zone 0 was 

also used in some depositions, giving a total of 6 precursor zones rather than the usual 4.  

3.2.1.1 Temperature Test of Zone 0 

A temperature test of zone 0 was conducted to see whether this could be used as a precursor zone. The 

high sublimation temperatures of the perylenes were a challenge when the fluoride precursor was to be 

incorporated into the thin films, since NH4F needs to be at a quite low temperature [19]. A temperature 

range from 60 – 350 ℃ was needed for the system and therefore both zone 0 and 5 had to be used.  

The temperature test was done by inserting a glass tube with 8 thermocouples into tube E of the MLD 

reactor (Figure 3.5). Tube E was chosen because this tube, or tube B at the same height, would be used 

for the fluoride precursor. The position of the thermocouples in the reactor zones are shown 

schematically in Figure 3.6. The couples were connected to a TC-08 data logger that synchronized the 

data to Picolog 6 on a computer. The following temperature profile was used from zone 1 to zone 8: 125 

⁰C, 155 ⁰C, 180 ⁰C, 250 ⁰C, 320 ⁰C, 350 ⁰C, 350 ⁰C, 350 ⁰C. The reactor was held at these temperatures 

for four hours.  
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Figure 3.6. An illustration of the first four zones in the MLD reactor with the number 1-8 marking where 

the external thermocouples were placed in tube E.  

 MLD Parameters  

The sublimation temperature for each precursor was found either from tests with the precursor tester or 

from the literature [17]. The temperatures for all the precursors are presented in Table 2 and the positions 

of the precursor boats were adjusted in the reactor zones to achieve sufficient sublimation of each 

precursor.  

Table 2. The temperatures used for each precursor in the MLD runs. 

 Precursors  

 PTCDA PDI FA5 Gly NH4F 

Temperature (⁰C) 380 380 320 180 70 

      

 Y(thd)3 Yb(thd)3 Nd(thd)3 Tm(thd)3 Eu(thd)3 

Temperature (⁰C) 130 130 170 130 145 

 

The standard pulse and purge times for the various MLD systems are given in Table 3. The exposure 

times were chosen from data provided by QCM runs of the different systems. For the perylene-fluoride 

thin films and the multicomponent LnF3 films, the standard pulse and purge times of each part of the 

system was used in the supercycles.  

Table 3. Standard pulse/purge times for the deposition systems. For the multicomponent 

lanthanide/fluoride systems and the perylene/lanthanide/fluoride systems the standard cycles are 

combined into multicycles. Ln = Yb3+, Y3+, Eu3+, Nd3+, Tm3+ 

System Pulse time (s) Purge time 

(s) 

Number 

of cycles 

 Precursor 

1 

Precursor 

2 

Precursor 

3 

Precursor 

4 

  

Perylenes       

PTCDA/Gly/Ln 2 2 2  1 2000 

PTCDA/Ln 4 4   2 500 

PTCDA/H2O/Ln 4 1 2  2 2000 

PDI/Ln 2 3   1 500 
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Gly/FA5/Ln 3 3 3 3 1 1000 

Gly/FA5/Gly/Ln 3 3 3 3 1 500 

FA5/Ln 3 3   1 1000 

       

Fluorides       

Ln/F 2 3   1 1000 

 

 Substrates 

The various substrates used in the depositions are listed in Table 4 and their usual positions in the 

reaction chamber are shown in Figure 3.7. The glass and steel substrates were washed with ethanol and 

blow dried, while cleaning wipes were used on silicon and silica. The silicon substrates were laser 

scribed to enable breaking off bits of the strips to do various characterization measurements. The silica 

and glass substrates were included for UV-Vis measurements and to enable visual detection of film. The 

steel substrate was used in some depositions to enable FTIR measurements. The silicon strips were 

placed approximately 6 cm apart to see whether the films were deposited evenly throughout the chamber.  

Table 4. The various substrates used in the MLD depositions.  

Substrate Size Supplier  

Silicon(100) strip 0.5 x 2 cm2 University Wafer 

Silica 1 x 1 cm2 University Wafer 

Steel 1.5 x 1.5 cm2 Rimex Metals Group 

Glass 5.1 x 7.6 cm2 (1 mm thick) Chemi-teknik AS 

 

 

Figure 3.7. Illustration of a reaction chamber seen from above. From the back of the reaction chamber: a) 

Back silicon substrate, b) glass plate, c) steel substrate, d) silica substrate, e) front silicon substrate, f) 

aluminum plate distributing the heat evenly throughout the chamber.  
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 Quartz Crystal Microbalance  

QCM measurements were performed using a homemade setup consisting of a holder for two QCM 

crystals in a modified reaction chamber. The crystals were of 6 MHz with gold contacts as supplied from 

Inficon. The frequency change of the crystals was logged on a TM-400 Thickness Monitor using the 

software LABview. The pulse/purge times for the standard cycles and the long runs of the QCM 

experiments are given in Table 5. 

20 standard cycles were deposited between the changing of the different parameters to ensure a similar 

growth layer before a parameter was changed. A long sequence was added at the beginning and end of 

most runs.  

Table 5. Pulse and purge parameters for the QCM experiments performed. 

 System 

 Pulses (s) Purges (s) 

 Eu(thd)3  PDI4    

Standard 

cycle 

2 2   1 

Long run - -   - 

      

 Yb(thd)3 NH4F     

Standard 

cycle 

2 3   1 

Long run 30 30   15 

      

 FA5  Gly  Y(thd)3  Gly   

Standard 

cycle 

3 3 3 3 2 

Long run 30 30 30 30 15 

 

 Characterization of thin films  

 Spectroscopic Ellipsometry 

A J.A. Woollam alpha-SE spectroscopic ellipsometer was used to determine the thicknesses and the 

refractive indexes of the thin films. The instrument employed the spectral range from 390 – 900 nm at 

an angle of 70 °. A Cauchy function from the CompleteEASE software was used to model the properties 

of the films. In the case of the perylene based films, it should be noted that the thicknesses were estimated 

using data only from above 800 nm, as this is the area where perylene is transparent and therefore can 

be fitted with the Cauchy function. The use of a small area of wavelengths increases the uncertainties 

and thus decreases the accuracy of the thicknesses. To test the accuracy, models were built around the 

absorptions of the perylenes to measure the thicknesses of broader areas. A perfect fit was not made 
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with the absorbing models probably due to uneven densities of perylene molecules in the samples. To 

account for the uncertainties, all perylene based films were fitted with the Cauchy model and a perylene 

model. In most cases the thicknesses obtained were similar and therefore determined to be quite 

accurate.  

 Fourier-transform Infrared Spectroscopy  

FTIR measurements were performed on a Bruker VERTEX 70 FTIR spectrometer in transmission or 

reflection mode. A steel substrate was used as the background for the thin films while the backside of a 

QCM crystal was used for the precursors. The results were analyzed with OPUS.  

 Photoluminescence Spectroscopy  

Photoluminescence spectroscopy was performed at Claude Bernard University in Lyon at the Institute 

of Light and Matter (iLM). Unfortunately, the stay was interrupted after a few days due to the COVID-

19 virus and most of the experiments planned were not performed. The measurements that were 

conducted used either a continuous wave (CW) laser at 972 nm or an optical parametric oscillator (OPO) 

laser. Specific emission and excitation wavelengths could be chosen with the OPO laser while the CW 

laser only illuminated at 972 nm. Different long pass and short pass filters were used to avoid the 

wavelength of the incoming laser beam reaching the detectors. The slit width of the monochromator was 

kept at 2 nm and the power density was 2.660 mW for each of the experiments documented. A 

photomultiplier (PM) detector and an electron multiplying charge-coupled device (EMCCD) detector 

were used to detect the signals.  

 UV-Vis Spectroscopy  

Transmittance measurements of the thin films were performed on a Shimadzu UV-3600 

Photospectrometer between 200 – 1700 nm. A D2 lamp was used as the light source in the UV- area and 

a halogen lamp in the NIR and visible areas.  The detectors used were a photomultiplier tube (180 – 900 

nm) and an InGaAs photodiode (900 – 1700 nm). Absorption measurements of the precursor powders 

were performed by a USB2000+ spectrometer with a D2 lamp. Ba2SO4 was used as the standard. The 

belonging softwares were UVProbe and SpectraSuite for the Shimadzu and the USB2000+, respectively.  

 Cathodoluminescence Spectroscopy and Imaging  

Cathodoluminescence (CL) measurements were performed on a JEOL JSM-IT300 SEM using a LaB6 

filament, and fitted with an “Andor Shamrock SR-193i spectrograph”-equipped Delmic SPARC system. 

A belonging software was used for the SEM configurations and ODEMIS 2.5.1. was used for the CL 

setup. The samples were bombarded by a 1.9 nA probe current at 10 kV. A DELMIC UV-detector was 

used.  The samples were measured between 200 – 900 nm with filters for 400 nm, 600 nm and 500 nm, 

respectively. Measurements without filters were also conducted and the results clipped together with the 

filtered spectra to remove the duplicate peaks. Sharp “delta peaks” related to measurement artifacts were 

removed during data analysis.  
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 X-ray Photoelectron Spectroscopy  

A Thermo Scientific Theta Probe Angle-resolved X-ray Photoelectron Spectrometer was used to 

perform the XPS measurements. A monochromatic Al Kα = 1486.6 eV was used and the data analysis 

performed in CasaXPS software with Shirley background subtraction. The experiments and data 

analysis were performed by Henrik Sønsteby and Ingvild Thue Jensen.  

 X-ray Diffraction  

XRD measurements were performed on a Bruker AZS D8 Discover in reflection mode. A Ge(111) 

monochromator gave Cu Kα1 radiation and the detector used was a LynxEye. The scans were conducted 

for 2θ values of 2°- 60° for the hybrid films and 10°- 60° for the inorganic films. The counts were varied 

from 1-10 depending on the resolution required. The data obtained was analyzed in Diffrac.EVA V4.3.  
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 Results  

The result section is divided into three subchapters. The first part presents the organic precursors; 

PTCDA, PDI and FA5. The second subchapter is divided into four parts presenting the films obtained 

in the MLD process. At the end of this section a short summary of the results will follow.  

 Synthetization and Characterization of the Organic Precursors   

 Synthesis of PDI  

PDI was synthesized from PTCDA and glycine to be used as a precursor that could react directly with 

lanthanides in the MLD-process. The functionalization process was simple and could be scaled up by a 

factor of 10 to produce enough precursor, approximately 4 g, for 4-5 depositions. The precursor 

decomposed during the MLD-runs, increasing the amount of precursor that had to be synthesizes. The 

obtained yield was about 50 wt % in each synthesis, the exact values are given in Table 17 in Appendix 

I. Molar yield could not be determined with precision because the number of active reaction sites on the 

perylene was unknown.   

 Characterization of PDI 

Characterization of the synthesized product was done with FTIR and NMR. The synthesized PDI was 

insoluble in all solvents, thus solid-state NMR analysis was conducted rather than liquid. Usually PDIs 

are further functionalized by additional groups at the bay positions to make them soluble, but this was 

avoided as a higher molecular mass of the molecule was thought to increase the sublimation temperature 

of the precursor.  

4.1.2.1 NMR Analysis 

An NMR analysis was conducted to determine the approximate chemical structure of the synthesized 

PDI. Figure 4.1 presents the 13C NMR spectra of PTCDA and two of the synthesized products, PDI3 and 

PDI4, from batch 3 and 4, respectively. Some structural changes can be seen going from PTCDA to PDI 

by extra peaks appearing at δ 40 and δ 175 for the measured product. The peaks in the stippled boxes 

are spinning side bands, duplicate peaks that arise in solid state measurements.  A change in the peaks 

belonging to the perylene core, at δ 110 – δ 140 ppm, indicates that some structural changes might have 

taken place at the core as well, probably at the bay positions. The uneven shapes of the peaks suggest 

that more than one product was formed in each synthesis. The peaks in the PDI3 and PDI4 spectra are 

not identical, which means that the two batches do not give the exact same products.  
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Figure 4.1. The measured solid state 13C NMR spectra of PTCDA and two of the synthesized precursors; 

PDI3 and PDI4. The spinning side bands are marked in stippled boxes.  

The measured spectrum of PDI3 was plotted together with a simulated spectrum of PDI in Figure 4.2. 

One pure product has not been obtained as the spectra are not identical, but it is reasonable to believe 

that some acid groups have been successfully attached to the perylene. This can be seen from the peak 

in the PDI3 spectrum at δ 175 ppm, belonging to the carbon attached to the acid group. The peak 

belonging to CH2 groups at δ 40 ppm is also present.  
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Figure 4.2. Measured and predicted 13C NMR spectra of PDI3. The spinning side bands are marked by 

stippled boxes.  

4.1.2.2 FTIR Measurements 

FTIR measurements of PDI3 and PTCDA (Figure 4.3) also confirm that there are some structural 

changes from reactant to product. Unfortunately, the characteristic, broad O-H stretch at 3300-2500 cm-1 

cannot be detected. Similarly, other stretches for the acid group are missing, including a strong C=O 

stretch at 1760 cm-1 [62]. Combining the data from NMR and FTIR it is evident that structural changes 

have taken place but not a complete transition to the expected product. However, as long as some glycine 

molecules have attached themselves to PTCDA, a mixed product is not a problem for the purpose in this 

project. The MLD growth will however be influenced by the number of glycine molecules attached to 

the perylene core.  
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Figure 4.3. FTIR spectra of PDI3 and PTCDA. 

 UV-Vis of the Organic Precursors  

UV-Vis spectroscopy was performed on the organic powder precursors. Figure 4.4 shows that PTCDA 

and PDI absorb between 350 – 650 nm, most strongly between 400 – 600 nm. This correlates with values 

of PTCDAs and PDIs’ absorption from literature [12]. FA5 shows absorbance in the same area as the 

other organic precursors, but the absorption takes form as three absorption peaks of different intensities 

rather than one broad absorption that can be seen for PDI and PTCDA. The strongest peak lies between 

500 – 600 nm and the smallest peak is at 300 nm which is outside the absorption area of PTCDA and 

PDI.  
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Figure 4.4. Absorption spectra of the three organic precursors; PTCDA, PDI3 and FA5. The absorption is 

measured on the precursor powders using BaSO4 as a standard.  

 Sublimation Temperatures  

The precursor tester was used to determine the sublimation temperatures of PTCDA, PDI and FA5. 

Transitioning big molecules into the gas phase was expected to be a challenge, especially in the case of 

FA5 which has a molecular mass close to 1000 g/mol. Surprisingly, this molecule turned out to have a 

sublimation temperature 60 ℃ lower than the other two perylenes and was therefore a great candidate 

for MLD depositions. Figure 4.5 shows the measured color change of the alumina disk where the 

precursors are deposited as a function of increasing temperature. From the graphs, 380 ℃ was set as the 

sublimation temperature of PTCDA and PDI as the curves start deflecting around this point. 320 ℃ is 

sufficient for FA5 sublimation. Figure 4.6 presents the color change of the alumina disk when PDI3 is 

deposited upon it. At elevated temperatures the disk turns completely red.  
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Figure 4.5. Color change plots of the organic precursors; PTCDA, PDI and FA5. The sublimation 

temperatures can be read from the graphs where the curves start to deflect.  

 

 

Figure 4.6. The change in color of the alumina disk as PDI3 is deposited. The pictures are taken at the 

following temperatures (from the left): 25 ℃, 400 ℃, 435 ℃, 459 ℃ and 495 ℃.  

The sublimation temperature of glycine was also explored. For this precursor the configuration with the 

QCM crystal could be used, as glycine sublimates at low temperatures compared to the organic dyes. 

From Figure 4.7 it can be seen that some of the powder starts to sublimate at 150 ℃. For the depositions 

of the thin films 180 ℃ was chosen to give enough glycine precursor. In the literature, glycine has been 

used at up till 200 ℃ [63] but in the depositions in this project the precursor ended up burnt and 

decomposed at this temperature.  
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Figure 4.7. Frequency change plot of glycine showing how mass is deposited on the QCM crystal at 

increasing temperatures.  

 Luminescent Properties 

The luminescent properties of the precursors were explored by irradiating the precursors with UV-light. 

Initially, the precursors were illuminated in the solid state but none of the perylenes showed 

luminescence in the powder form.  Further attempts were made to dissolve the precursors in various 

solvents to detect luminescence in a dissolved state. FA5 dissolved easily in acetone and ethanol and 

showed pink luminescence in both cases, as can be seen in Figure 4.8. Other solvents, given in 3.1.2, 

were attempted to dissolve PDI and PTCDA, but these precursors stayed undissolved.  

 

 

Figure 4.8. Left: FA5 dissolved in acetone (left) and ethanol (right) in visible light. Right: Luminescence 

from FA5 solutions under UV- illumination (370 nm). 
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 Deposition of Thin Films 

With more knowledge of the organic precursors, the thin film depositions could start. To make the 

planned organic sensitized upconversion system by MLD, implementation of perylene into thin films 

were the first step. Later on, LnF3 matrixes were synthesized before perylene was incorporated into an 

YF3 matrix. The synthesis of LnF3 laid the groundwork for the doping of Tm3+ and Nd3+ in YbF3, which 

became the upconversion thin films. In total, 121 thin films were deposited throughout the project, many 

of them are described in the following. A complete list of all thin films synthesized are given in Table 

19 in Appendix III.  

 Perylene Based Thin Films  

Two different approaches were used to implement the organic dyes into thin films. PTCDA was used as 

the initial perylene precursor due to its properties described in 1.3.2.2. The first approach was to deposit 

PTCDA and glycine in the reactor together with Eu(thd)3/Y(thd)3 /Tb(thd)3. The β-diketonates Ln(thd)3 

were chosen as cation precursors as the aim was to eventually implement perylene into a multi-

lanthanide structure. Ideally, the nitrogen group on the glycine would be connected to the oxygen on the 

anhydride position of PTCDA, making acid groups available for the lanthanide to attach. The second 

approach was to wet chemically synthesize PDI from PTCDA and glycine, and thereafter deposit PDI 

+ Eu(thd)3/Y(thd)3. The synthesis of PDI is described in 3.1.1. Due to the temperature and decomposition 

challenges found for PTCDA and PDI, a new perylene precursor, FA5, was introduced at a later stage 

in the project. Some tests were conducted were PTCDA/FA5 were reacted directly with Ln(thd)3, 

without glycine, to see whether a linker was necessary to obtain film growth.  

4.2.1.1 Thin Films with PTCDA 

As a first step to explore the MLD chemistry of perylenes, PTCDA, Tb(thd)3 and glycine were used to 

deposit thin films. The tests aimed to see whether PTCDA was a suitable MLD precursor and if an 

acid/amine could work as a linker between the perylene and the lanthanide[10]. 300 °C, 330 °C and 

360 °C were used as sublimation temperatures for PTCDA. The depositions were conducted before 

successful tests with the precursor tester determined the sublimation temperature of PTCDA to be 

380 °C (4.1.4).  

Films were obtained in the initial tests but no traces of PTCDA were detected on the glass substrates. 

The lack of PTCDA traces indicates that the temperature of the precursor zone was too low for PTCDA 

to sublimate. To fix the temperature problem special glassware was ordered to enable zone 5 to be used 

as a precursor zone for higher temperatures. With sufficient amounts of PTCDA sublimating, the organic 

dye could be deposited with different types of linkers. This will be described in the next subchapter.  

While increasing the temperature in the reactor enabled PTCDA to sublimate, another obstacle arose. 

The linker, glycine, did not handle the increased temperatures well and an alternative approach to use 
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PTCDA and glycine at the same time was needed. A solution became to functionalize PTCDA with 

glycine to form a PDI prior to MLD deposition. This approach will be described in 4.2.1.2. 

4.2.1.1.1 PTCDA Based Thin Films without Linker  

PTCDA was reacted directly with Y(thd)3 (SHS4035) in the MLD reactor without an acid linker. The 

temperature of the precursor zone was increased to 380 °C and the deposition temperature set to 400 °C 

after tests were run with the precursor tester (4.1.4).  These temperatures became the standard for all 

PTCDA depositions. The thickness of the film was measured to be 6 nm at the front of the reaction 

chamber and 3 nm at the back, by spectroscopic ellipsometry. The film had a weak pink color as can be 

seen from the glass substrate in Figure 4.9 (left) and a small absorption dip at about 460 nm, from the 

transmittance curve in Figure 4.9 (right). The film absorbs in the same area as the PTCDA precursor, 

indicating that PTCDA has been implemented into the film. The absorption is weak, about 2 %, not 

surprisingly as the thin film is only a few nanometers thick. The perylene precursor did not decompose 

during heat treatment and no luminescence was observed when the film was illuminated with UV-light.   

 

Figure 4.9. Left: A picture of SHS4035 containing between 3 – 6 nm of PTCDA and Y film. Right: 

Transmittance curve of the thin film showing a small bump where the film absorbs at around 460 nm. 

XPS measurements were performed to determine whether PTCDA stayed intact in the thin film and to 

see if traces of Y could be detected. Deposition of thin films with big, intact molecules is a new field 

and confirmation of the chemical composition of the thin film was therefore of great interest. The 

analysis confirmed that Y, C and O were present in the film very close to the expected ratios for PTCDA 

linked with Y in the stoichiometry of Y2PTCDA3. The predicted and measure values are presented in 

Table 6.  

Table 6. The elemental analysis given in atomic % for SHS4035 with PTCDA and Y(thd)3. The theoretical 

values are calculated from Y2PTCDA3.  

Sample C (at. %) O (at. %) Y (at. %) 

Theoretical values 78.2 19.6 2.2 
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SHS4035 77 21 2 

 

A further analysis was conducted on the SHS4035 sample and the similarities with plots from the 

literature are striking. Figure 4.10 a) shows the measured XPS spectrum of yttrium in SHS4035 with the 

peak positions being the same as for Y in Y2O3 in literature [64]. This confirm the presence of Y in the 

thin film. Similarly, the graphs with the fitting of C and O in PTCDA, presented in Figure 4.10 b) and 

c), correlate with that of  PTCDA from the literature [65]. The results indicate that whole PTCDA 

molecules have been incorporated into the thin film and that a linker is not a necessarily needed to make 

the perylene react with Y(thd)3, though the growth rate is low. A possible growth due to thermal 

decomposition was excluded by pulsing only PTCDA under the same reaction conditions, obtaining no 

film.  

 

 

Figure 4.10. XPS spectra of SHS4035 with PTCDA and Y(thd)3 grown at 400 ℃. a) Yttrium peak, b) 

Carbon peak and c) Oxygen peak fitting.  
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4.2.1.1.2 PTCDA Based Thin Films with H2O as a Linker  

A few tests were conducted to explore whether H2O could hydrate the acid anhydride positions on the 

perylene, hence linking PTCDA and a Ln(thd)3. This could potentially take place through a simple to-

step ligand shift reaction: 

𝑅 − 𝐶2𝑂3 + 𝐻2𝑂 → 𝑅 − 2 𝑥𝐶𝑂𝑂𝐻 

𝑅 − 𝐶𝑂𝑂𝐻 + 𝐿𝑛(𝑡ℎ𝑑)3 → 𝑅 − 𝐶𝑂𝑂 − 𝐿𝑛(𝑡ℎ𝑑)2 + 𝐻𝑡ℎ𝑑. 

300 cycles of O3 were pulsed to remove organic residues on the substrate surfaces, before PTCDA was 

deposited with Y(thd)3 and H2O. The deposition sequence was Y /purge /H2O pulse /purge /PTCDA 

/purge /H2O pulse /purge = 2 s / 2 s / 1 s / 2.5 s / 4 s / 2 s / 1 s / 2.5 s, and the sequence was 2000 cycles 

long. This resulted in 46 nm film on the front silicon substrate and 44 nm at the back. The color of the 

glass substrate can be seen in Figure 4.11 (left) where the glass and silicon substrates are pictured. The 

dark brown color along the edges are probably due to deposition of film on both sides of the glass 

substrate. In addition to the unexpected brown color of the film, the refractive index was found to be 

2.1, using spectroscopic ellipsometry. Both the color and the refractive index were surprising results for 

a perylene based film and it was therefore decided to further investigate the properties of the thin film 

with XPS, UV-Vis and Raman spectroscopy.  

UV-Vis measurements were conducted on the sample (SHS4039) and the resulting transmission plot 

compared to that of a pure Y2O3 film (SHS4037). Figure 4.11 (right) presents the two graphs, showing 

how the perylene containing film does absorb while Y2O3 is transparent.  XPS results of the film give a 

high content of Y and O indicating formation of Y2O3, but PTCDA is also probably in the film due to 

its absorbing properties. However, the brown color, the lesser amount of carbon, and formation of excess 

Y2O3, points to some kind of decomposition of either the perylene or the thd-ligands. The transmission 

dip at 450 nm likely stems from a perylene molecule while the dominant source of absorption is likely 

from partly combusted organics.  
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Figure 4.11. Left: A picture of the 45 nm, brown PTCDA /H2O /Y film (SHS4039) on glass and silicon. 

Right: Transmittance curves of SHS4039 and Y2O3, presenting how the perylene film is absorbing while 

the Y2O3 film is transparent.  

4.2.1.1.3 Raman Spectroscopy  

Raman spectroscopy measurements were planned to investigate the vibrational modes of the SHS4039 

film and hence determine what type of carbon structures were present. This technique can distinguish 

between various carbon structures such as carbon nanotubes and graphene and would therefore be a 

suitable way to investigate the unusual properties of the film.  Unfortunately these measurements were 

never performed due to the lock down situation caused by the COVID-19 virus.  

4.2.1.2 Thin Films with PDI  

The main approach for implantation of PTCDA was to use glycine as a linker. Glycine seems to have a 

very small temperature range between sublimation and decomposition. To avoid the colliding 

temperature preferences of glycine and PTCDA, PDI was used as a new organic precursor. Batch 3 and 

4 from the PDI synthesis were used, hence the names PDI3 and PDI4 for the precursors. 380 °C was 

used as the sublimation temperature of PDI after tests were run with the precursor tester (4.1.4).  

PDI3 and PDI4 were deposited with Eu(thd)3 giving bright pink films on the glass substrates. Figure 

4.12 (left) shows a picture of a thin film (SHS4005) deposited from PDI3 + Eu(thd)3 with a thickness of 

55 nm at the front and 46 nm at the back of the chamber. The difference in film thickness can be seen 

from the darker pink color to the left side (front) in the picture compared to the right side (back). The 

black graph in Figure 4.12 (right) shows that the film has about 30 % absorption in the area expected of 

PDI (Figure 4.4), indicating that the molecule is intact in the film.  

A second graph is included in Figure 4.12 (right, red graph) presenting the transmission plot of a film 

(SHS4005b) deposited with the same parameters as SHS4005, but without refilling of new PDI3 

precursor. It is evident from the graph that this film absorbs significantly less than SHS4005 which is 

natural as the film made with reused precursor is thinner (35 nm – 23 nm). The growth rates of SHS4005 
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and SHS4005b is 1.0 Å/cycle and 0.6 Å/cycle, respectively. Nevertheless, comparing the relative 

absorptions to the thicknesses of the films it is evident that SHS4005b absorbs significantly less than 

SHS4005. Thus, something happens with the precursor during heat treatment. The perylene decomposed 

to a brown, brittle powder during the MLD run. After performing this test, the powder was only used 

once before replaced by new precursor to avoid uncertainties. The implementation of PDI, and the 

presence of Eu in the thin films were further explored with XPS. 

 

 

Figure 4.12. Left: Picture of a thin film of PDI3 and Eu(thd)3 on silicon and glass substrates (SHS4005). 

Right: Transmittance curve of the same sample showing absorption in the expected area for PDI (black 

graph). The red graph is of another thin film (SHS4005b) deposited with reused PDI precursor.  

4.2.1.2.1 Composition 

XPS experiments give that the measured atomic % of each element in the PDI based films are close to 

the predicted ratios for Eu2PDI3. It is therefore reasonable to believe that PDI and Eu make thin films 

that can be approximated by this formula. SHS4005 shows a higher degree of oxygen than the other 

films and lower content of N, but besides that, the measured and approximated values for the films are 

quite similar. The XPS spectra of SHS3001, presented in Figure 4.13, further confirms the predicted 

composition of the thin films. Both peak positions and relative intensities for the perylene and Eu 

correlates with values from literature [66, 67]. The elemental analysis of the films are presented in Table 

7. 

Table 7. The elemental analysis given in atomic % for samples made with PDI and Eu(thd)3. The 

theoretical values are calculated from Eu2PDI3. 

Sample C (at. %) O (at. %) N (at. %) Eu (at. %) 

Theoretical values 71.7 21.2 5.3 1.8 
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PDI4 + Eu(thd)3     

SHS3001  70 24 1 1 

PDI3 + Eu(thd)3     

SHS4005  68 28 3 1 

SHS4010  71 23 5 1 

SHS4012  72 22 5 1 

 

Figure 4.13. XPS spectra of SHS3001 with PDI4 and Eu(thd)3 grown at 400 ℃. a) Carbon peaks, b) Nitrogen 

peak and c) Europium peak fitting. All peaks correlate with data collected from literature [66, 67].  

The nitrogen content in each film is as expected lower than the predicted values, as the NMR results 

have already showed that the synthesis of PDIs did not give pure products. SHS3001 is the only film 

deposited with PDI4 and it is evident that this batch obtained less PDI products than batch 3, due to the 

lower N content in the film. The nitrogen content in the films is proportional to the amount of glycine 

as this is the only nitrogen source.  

4.2.1.2.2 QCM 

QCM analysis was performed on the PDI4 /Eu(thd)3 system to provide insight on the growth dynamics 

and possible ALD type of growth. The standard cycle used was 2 s /1 s /2 s /1 s for PDI4 pulse /PDI4 
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purge /Eu(thd)3 pulse /Eu(thd)3 purge. The results show a saturation of the Eu(thd)3 exposure at two 

seconds in Figure 4.14, while even longer exposures than 5 s pulse of PDI4 is required to saturate the 

organic precursor. The lack of saturation can be explained with the observed self-growth of PDI. For 

both precursors, 1-2 seconds of purge time is sufficient. The plot of one of the standard in-between 

blocks in Figure 4.15 shows that some mass is lost during purging, especially after the PDI4 pulse. This 

indicates that some PDI4 molecules either physically adsorbs to the surface and desorbs again during 

the following purge, or that the thin film has a porous structure where other molecular fragments are 

entering and leaving during the cycle.  

 

Figure 4.14. Pulse and purge parameters varied for the PDI4 /Eu(thd)3 system at 400 ℃. The crystal at 

the front of the reaction chamber is marked in red and the back crystal marked in black. 

 



57 

 

 

Figure 4.15. Plot of one of the in-between blocks with the standard deviation marked as grey shading. The 

pulse times were 2 s and the purge times 1 s. The red plot is the front crystal and the black plot is the 

crystal at the back of the reaction chamber.  

Pulses with exposure of only one of the precursors were unfortunately not included in this experiment. 

A new QCM experiment was planned with longer pulse times for the perylene precursor and including 

zero and long pulses. Unfortunately, the setup was not working at this point. Instead FA5 was tested as 

a precursor and this system further analyzed due to the decomposition challenges of the PDI precursor.  

4.2.1.3 Thin Films with FA5  

A third perylene precursor, Fluorescent agent-5 (FA5), was introduced mainly due to its remarkably low 

sublimation temperature (4.1.4). This trademark enabled glycine to be kept at a more suitable 

temperature, making it possible to use FA5 and glycine in the reactor simultaneously. Another reason 

for using FA5 as the next perylene precursor was that it shows a higher probability of being luminescent 

in the solid state when turned into an diimide [11] compared to PTCDA and PDI. In addition to this, the 

high molecular mass (985.12 g/mol) of the molecule pushes the size limits of molecules previously 

deposited with MLD. Running tests with FA5 could open up new possibilities for testing other large 

molecules for MLD use.  

FA5 was deposited with Y(thd)3, using glycine as a linker. Two different approaches were tested. The 

first approach pulsed two glycines per deposition cycle, one on either side of FA5. The other simply 

pulsed one glycine per cycle. The standard cycles were FA5/Gly/Y for one glycine and FA5/Gly/Y/Gly 
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for two glycines, with belonging purges between the pulses. Each pulse was 3 s and each purge 1 s. 320 

℃ was found to be a good sublimation temperature for FA5 (4.1.4) and 350 ℃ a suitable deposition 

temperature. The two different approaches were included to determine whether the amount of glycine 

in the films influenced the growth mechanisms and the optical properties of the films.  

The FA5 based thin films gave deep purple colors on the substrates, as illustrated in Figure 4.16 (left), 

where the 108 nm film SHS4071 is displayed (one glycine). Transmittance curves of three different FA5 

films are presented in Figure 4.16 (right) where the purple plot belongs to SHS4071 with one glycine 

pr. cycle and the black plot belongs to SHS4079 deposited with two glycines pr. cycle. The third, red 

plot is of a film similar to SHS4071 made from pre-used FA5 precursor to see how the precursor reacts 

upon reheating. The absorption area of the thin films overlap with that of the precursor powder in Figure 

4.4, indicating that FA5 is intact in the films. The absorption dip at 550 nm shows almost 40 % 

absorption for both FA5/Gly/Y films while the FA5/Gly/Y/Gly film shows about half the absorption. 

This is due to the thickness of the film rather than the composition as this film was deposited using half 

the amount of deposition cycles compared to the two other films, resulting in a thin film of 71 nm (front) 

– 58 nm (back).  The growth rate of the films with one glycine was found to be 1.1 Å/cycle while those 

with two glycines were 1.3 Å/cycle.  

 

Figure 4.16. Left: 108 nm thin film of FA5/Gly/Y(thd)3 (SHS4071). Right: Transmittance curve for the 

same sample (purple) showing the absorption area of the thin film. The transmittance curves of SHS4121 

where the perylene precursor is used over again (red) and of SHS4079, a film of FA5/Gly/Y(thd)3/Gly are 

also included. SHS4079 has about half the thickness of the other films, thus the weaker absorption.  

The FA5 precursor gave in general uniform films with reproducible thicknesses when a few precautions 

were made. The precursor was replaced after each MLD run as the films made from reused FA5 showed 

uneven growth, probably due to decomposition of the organic molecule upon reheating. It was not 

possible to model the thickness of the film with reused precursor as neither a perylene based model or 

the Cauchy model above 800 nm on the spectroscopic ellipsometer gave values with a reasonable error 

estimate. FA5 melted during each run, but growth due to thermal decomposition did not take place as 
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this was tested by pulsing FA5 alone in the reactor and obtaining no film. All FA5 based thin films from 

this point forth is of the sequence FA5/Gly/Y(thd)3/Gly as this system was explored with QCM and 

XPS.  

4.2.1.3.1 QCM 

FA5, glycine and Y(thd)3 were investigated with in-situ QCM to explore the growth mechanisms and to 

determine pulse/purge parameters for the system. The standard cycle of 3 s pulse and 2 s purge was used 

for FA5/Gly/Y(thd)3/Gly. The system could not be analyzed in the same was as a binary system as there 

are two extra components involved, but there is still much useful information to be extracted. What 

usually defines a system with a suitable standard cycle are zero growth at zero pulse time and a flattening 

of the pulsing curves as the surface is saturated. In a four-component system the zero pulses may look 

very differently as two or three of the other precursors components may react even when the fourth is 

not pulsed. Hence, growth seen for zero pulses does not necessarily mean that any of the precursors 

show CVD growth.   

Figure 4.17 presents the results from subsequently varying the different pulse parameters. The purge 

times were not varied to limit the time of the experiment and to limit the use of precursors. As shown in 

Figure 4.17, the mass of the crystal decreases between 0-2 s pulsing times for FA5. The shape of the 

FA5 pulsing graph is somewhat unusual, as a decrease in mass at short pulse times is not something 

seen in binary systems. A possible explanation for the decrease in mass is that Y and glycine react and 

produce film when FA5 is not pulsed. When FA5 is introduced into the reaction chamber the number of 

reactive sites decreases because the molecule takes up a lot of space. As a consequence of this, the 

overall mass on the crystal decreases at short pulsing times and increases again when FA5 starts 

physisorbing/chemisorbing.  
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Figure 4.17. Pulse parameters varied for FA5, glycine, Y(thd)3 and glycine deposited at 350 ℃. The black 

plot is the QCM crystal in the front of the chamber and the red plot is the back crystal. 

From the pulsing graphs it is evident that Y(thd)3 does not saturate during the exposure time. This may 

be due to slow reactions with available glycine groups. Apart from a small deviation in the Y(thd)3 

pulses, the two crystals behave quite similarly indicating that the deposition is rather uniform in the 

different parts of the reaction chamber.  

Plots presenting sequences where one precursor component is omitted in each run, are presented in 

Figure 4.18 to help explain the shape of the plots in Figure 4.17. From Figure 4.18 it is evident that the 

quartz crystal experiences an extensive increase in mass when only glycine and Y(thd)3 is pulsed, 

explaining the high frequency change at zero FA5 pulse in Figure 4.17. The two plots where one of the 

glycine pulses is neglected still show mass increase throughout the run, confirming that film growth can 

take place without glycine as a linker on both sides of the perylene. The relative mass increase is though 

less than for the standard cycle that is shown in Figure 4.19 (left). The final graph in Figure 4.18 indicates 

that only pulsing FA5 and glycine gives little to no film growth.  
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Figure 4.18. Zero pulse plots of the four precursor components in the QCM run. The plots present 

whether there is any film growth when one component is neglected. The gray shading marks the standard 

deviation of the average plots and the graphs presented are for the crystal in the front of the reaction 

chamber.  

Averages of one of the standard cycles and long runs are presented in Figure 4.19 with the standard 

deviation marked in grey. A big loss of mass is observed after each precursor pulse, indicating that the 

precursors physical adsorb to the surface and are easily lead out of the structure by the next purge. 

Another possible explanation for the decrease in mass is that the thin film is porous and captures some 

precursor in the pores before the purge comes. From the long run it can be seen that Y(thd)3 does not 

saturate within 30 s but FA5 seems to stabilize after about 15 s. The glycine pulses remain stable.   
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Figure 4.19 Left: One of the in-between blocks with the standard deviation marked in grey shading. The 

pulse times were 3 s and the purge times 2 s. The numbers above the graph mark the different reaction 

steps in the deposition. Right: The average of one of the long runs with the standard deviation marked in 

grey shading. The pulse times were 30 s and the purge times 15 s. Only results for the front crystal is 

included as the front and back crystal overlapped to a great extent and made it hard to see the results.  

To enable further discussion of the growth mechanisms of the system, the proposed surface reactions 

taking place at the substrate were written out with the belonging mass change on the crystal for each 

step. The measured frequency change for each reaction step was found from the standard cycle in Figure 

4.19 and are listed in Table 8 with the rest of the parameters. The reaction step number is marked above 

the plot in Figure 4.19. Step 1, 3 and 4 show positive or negative mass changes similar to that expected 

of growth leading to the stoichiometry of Y2FA53. This result indicate that such growth takes place at 

least to a great extent. Step 2 shows a decrease in mass where an increase due to attachment of glycine 

on FA5 is expected, suggesting that more than one type of growth takes place during deposition. 

Table 8. The four proposed surface reactions taking place during thin film growth. The expected mass 

changes on the crystals after a finished reaction is given in g/mol and the belonging change in frequency is 

taken from the standard cycle plot in Figure 4.19.  

Reaction step  Surface reactions Mass change 

(g/mol) 

Frequency 

change (Hz) 

1. Gly + FA5  Gly-FA5 + H2O 967.1 2.07 

2. FA5 + Gly  FA5-Gly + H2O 57.1 -0.54 

3. Gly + Y(thd)3  Gly-Y(thd)2 + thd + OH 455.4 1.36 

4. Y(thd)2 + 2 Gly  Y(Gly)2 + 2 thd -216.4 -0.39 

 

Studying the standard pulse times (3 seconds) in Figure 4.17, it can be seen that the frequency change 

of the standard pulses decreases throughout the run. To explore this further, the growth rates of the 

various in-between blocks were plotted as a function of time in Figure 4.20. Evidently, the growth 

decreases during the run, something that is not unusual for MLD systems. Presumably, one or more of 

the precursors do not sublimate as well when kept at elevated temperatures for a significant amount of 

time, or the decrease in growth may be due to uneven sublimation from one of the precursor boats. Both 

scenarios would result in a decrease in the amount of precursor being pulsing over time. Another 

possible explanation for the decrease in growth rate is that the film becomes less rough during 

deposition. This is typical for amorphous films. Such reduction in roughness gives an overall reduced 

surface area available for deposition.  

The decrease in growth rate proposes a possible explanation for why the frequency changes are 

significantly greater for the zero pulse plots of FA5 compared to Y(thd)3 in Figure 4.18. The FA5 zero 

pulse is measured at the beginning of the run while the corresponding measurement for Y(thd)3 takes 

place later in the run.  Despite the decrease in growth rate, it should be noted that the QCM runs are 
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longer than the usual FA5/Gly/Y/Gly depositions and that the phenomenon discussed here therefore 

does not necessarily influence the growth of the normal depositions on substrates.  

 

Figure 4.20. The growth rates of the standard in between cycles plotted as a function of time.  

4.2.1.3.2 Composition  

XPS measurements were performed to further investigate the chemical composition and growth 

mechanisms of the FA5/Gly/Y(thd)3/Gly system. The data from the elemental analysis is listed in Table 

9 along with the theoretical values for the presumed structure with molecular ratio; Y2(FA5)3. These 

values are merely used to give an indication of the expected ratios, as a complete composition given by 

this chemical formula is challenging with regard to the ligands of FA5. The sidechains are big and bulky 

and would be pushed in too close proximity to each other if a perfect Y2(FA5)3 structure were to be 

realized.  

Table 9. Elemental analysis of three FA5/Gly/Y/Gly thin films of different thicknesses, given in atomic %.  

Sample Thickness (nm) C (at. %) O (at. %) N (at. %) Y (at. %) Si (at. %) 

Theoretical 

values 

 82.3 14.5 2.4 0.8 - 

SHS4081 14 72 19 7 2 - 

SHS4083 11 70 19 8 2 1 
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SHS4084 3 54 24 5 0 17 

 

The XPS measurements were performed on three films of different thicknesses. The chemical 

compositions of SHS4081 and SHS4083 of 14 nm and 11 nm, respectively, are similar to each other. 

Both films show approximately 15 % less C compared to that calculated for Y2(FA5)3 and a higher 

content of N, O and Y. These results indicate that FA5 is incorporated into the thin films and that in 

addition to FA5-Gly-Y-Gly growth, yttrium also reacts with access glycine to form extra Y-Gly layers. 

The plots in Figure 4.21 show how the peak positions of carbon, yttrium and nitrogen stay the same in 

all samples, while the intensities varies with the content of each element. The highest values of C, N and 

Y is found in the thickest film, SHS4081, and the lowest content in the thinnest film, SHS4084. The 

positions of the carbon peaks in Figure 4.21 correlate with that of similar perylene molecules [65] where 

the yellow peak is the imide position expected to be found between 287 – 289 eV [68]. The nitrogen 

peak is positioned at 400.5 eV which is consistent with the listed position as 400.3 eV [69]. The yttrium 

peaks are similar to those of previous discussed samples containing yttrium (4.2.1.1.1).  

 

 

Figure 4.21. XPS spectra of FA5/Glycine/Y(thd)3/Glycine films made at 350 ℃.  a) Carbon fitting, b) 

Yttrium fitting and c) Nitrogen fitting of three films where SHS4081 is 14 nm, SHS4083 is 11 and 

SHS4084 is 3 nm thick, respectively.   
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SHS4084 shows a significant deviation from the theoretical values compared to the other two samples. 

This can be explained by the thickness of the film which is less than 3 nm. The very thin layer makes it 

more challenging to detect the correct chemical composition as signal from the silicon substrate and its 

belonging SiO2 layer will interfere with that of the thin film. The high amount of Si and SiO2 is evident 

from Figure 4.22 (right) where the silicon peaks from 99.0 – 100.5 eV and the SiO2 peak at 103.6 eV 

[70] have higher intensities than in the other, thicker samples. The shape of the oxygen curve in Figure 

4.22 (left) also changes remarkably for the thin sample as an extra peak appears due to the higher amount 

of SiO2. 

In addition to higher amounts of Si and O, no Y was detected in the thinnest sample. This is probably 

also a consequence of the thickness of the film as the error while tracing such small amounts of yttrium 

starts to become significant, and the real atomic % cannot be determined with any certainty. Traces of 

sodium, 0.3 – 0.4 at. %, was found in all three films, probably from the surface of the silicon substrates. 

The substrates are not treated inertly before thin film depositions and small amount of impurities will 

be found on the surface despite cleaning prior to deposition. 

 

 

Figure 4.22. Peak fitting of oxygen (left) and silicon (right) in SHS4081, SHS4083 and SHS4084.  

4.2.1.3.3 FA5 Based Thin Films without Linker 

In the initial testing of PTCDA a thin film with Y(thd)3 and no glycine was synthesized to investigate 

the need of a linker. The same was done with FA5 and Y(thd)3. 1000 cycles of FA5 pulse /FA5 purge / 

Y pulse /Y purge = 3 s /1 s /3 s /1 s gave 20 nm (front) and 18 nm (back), light blue film, pictured in 

Figure 4.23 (left). This is noticeably thicker than the PTCDA + Y(thd)3 sample with only 3-6 nm film. 

Traces of blue have been observed for other FA5/Gly/Y/Gly thin films as well, in cases when glycine 

has been kept at lower temperatures than 180 ℃ or when the precursor boat has been placed far back in 

zone 3 rather than in the middle. It is therefore reasonable to believe that the lack of, or the insufficient, 

sublimation of glycine results in the growth of blue film which is FA5 reacting directly with Y. The 
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absorption of the FA5/Y film (Figure 4.23 (right)) is about 15 %. The absorption area is redshifted 

compared to the FA5 thin films with glycine linkers.  

Figure 4.23. Left: Picture of SHS4120, a 18 - 20 nm thin film of FA5 and Y(thd)3 without a glycine linker. 

Right: The corresponding transmittance spectrum showing absorption around 650 nm.  

4.2.1.4 Summary of Perylene Based Thin Films  

An overview of the described experiments implementing PTCDA, PDI and FA5 into thin films are 

presented in Table 10. The precursors and the linkers being used are listed along with the color of the 

films and thicknesses at the front and back of the reaction chamber. Luminescent behavior was not 

observed for any of the perylene containing films when illuminated with the UV-lamp.  

Table 10. An overview of the described thin films in the 4.2.1 section.   

Sample 

Number 

Precursors Linker Color of film Film thickness (nm)  

(Front - Back) 

Number of 

cycles  

SHS4001abc PTCDA, Tb(thd)3 Glycine, Transparent -  500 

SHS4035 PTCDA, Y(thd)3 -  Weak pink 6 - 3 500 

SHS4039 PTCDA, Y(thd)3 H2O Brown 46 - 44 2000 

SHS4036 PTCDA - No film - 500 

SHS4005 PDI3, Eu(thd)3 -  Pink 55 - 46 500 

SHS4005b PDI3, Eu(thd)3 -  Weak Pink 35 - 23 500 

SHS4010 PDI3, Eu(thd)3 -  Pink 10 - 8 500 

SHS4012 PDI3, Eu(thd)3 -  Pink 20 - 12 500 

SHS4007 PDI3 -  Pink 54 - 48 500 

SHS3001 PDI4, Eu(thd)3 -  Pink 36 - 27 500 

SHS4071 FA5, Y(thd)3 Glycine Purple 108  1000 

SHS5079 FA5, Y(thd)3 Glycine Purple 71 - 58 500 

SHS4081 FA5, Y(thd)3 Glycine Weak purple 14 - 13 140 
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SHS4083 FA5, Y(thd)3 Glycine Weak purple 11 - 10 140 

SHS4084 FA5, Y(thd)3 Glycine Transparent 6 - 3 45 

SHS4120 FA5, Y(thd)3 -  Weak blue 20 - 18 500 

SHS4118 FA5 -  No film - 500 

SHS4037 Y(thd)3, O3 -  Transparent 30 - 27 2000 

  

 Deposition of LnF3 

LnF3 films were deposited to ensure that films with Ln = Y3+, Yb3+, Tm3+ and Nd3+ could be made with 

NH4F as the anion precursor. This included optimizing the distribution of the different lanthanide and 

fluoride precursors in the various tubes and zones in the reactor. The growth rates of the different 

fluoride films were measured to predict what thicknesses could be expected from fluoride films doped 

with perylene layers or with other lanthanides to form multicomponent films. The standard cycle of 2 /1 

/3 /1 was used to get the wanted LnF3 ratio in the films and 350 ℃ was used as the deposition temperature 

to enable implementation of FA5 at a later stage. Prior to depositions, a temperature test of zone 0 was 

conducted to determine whether the fluoride precursor could be placed in this zone.  

4.2.2.1 Temperature Test of Zone 0  

Figure 4.24 (left) shows a plot of the temperatures of the thermocouples that were inserted into or in 

close proximity to zone 0. The thermocouples measured 35 ℃, 53 ℃ and 87 ℃ which give the mean 

value of 58.3 ℃. To obtain the needed sublimation temperature of approximately 80 ℃[19], the 

precursor boat containing NH4F must be placed beyond the middle of zone 0, but not all the way into 

zone 1. In this area 70-80 ℃ can be expected. The test shows that it is possible to obtain the wanted 

temperature profile and use NH4F as a precursor by using zone 0 as a precursor zone.  

To validate the accuracy of the temperature in zone 0, the measured temperatures in zone 1, 2 and 3 

were compared to the set temperatures of their respective zones. The plot for zone 2 is shown in Figure 

4.24 (right). Thermocouple 6 is slightly warmer than the set point in zone 2, 155 ℃, and thermocouple 

5 is a few degrees lower. This is reasonable as temperature gradients in a zone must be expected. The 

set temperatures are measured in the middle of the zones and is therefore a bit warmer than the mean 

value of the two thermocouples. The deviation is small enough to conclude that the results for zone 0 

can be trusted. 
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Figure 4.24. Left: The temperatures in zone 0 logged with the external thermocouples for 4 hours. Right: 

The temperature in zone 2 logged with internal and external thermocouples. The plots of zone 2 can be 

used to verify the accuracy of the measurements in zone 0.   

4.2.2.2 QCM of Yb(thd)3 and NH4F 

In-situ QCM was performed on the Yb(thd)3 + NH4F system to determine suitable pulse and purge 

parameters for the LnF3 films. As the Ln(thd)3 precursors are similar to each other, it was assumed that 

the same parameters could be used for all systems. The standard cycle chosen was 2 s /1 s /3 s /1 s for 

Yb(thd)3 pulse /Yb(thd)3 purge /NH4F pulse /NH4F purge. Figure 4.25 presents the results after varying 

the pulse and purge times for the standard system. The system shows no growth at zero pulsing and both 

precursors are close to saturation within the standard exposure times, indicating that the standard 

parameters can be used in the thin film depositions.  
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Figure 4.25. Pulse and purge parameters varied for Yb(thd)3 and NH4F at 350 ℃. The front crystal is 

marked in black and the back crystal marked in red.  

Figure 4.26 presents one of the in-between layers (left) and a long run (right) for the system, plotted 

with the standard deviation marked in grey shading. The front crystal is marked in black and the back 

crystal in red. The plots confirm that the exposure times from the graphs in Figure 4.25 are reasonable 

and they also show the mass reduction during the fluoride pulse due to replacement of heavy thd-groups 

with lighter F. For unknown reasons, a continuous mass increase can be seen during the Yb purge for 

the standard cycle. For the long pulse this is not the case.  
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Figure 4.26. Left: An average of an in-between cycle plotted with standard deviation shaded in gray. The 

pulse/purge sequence was: 2 s /1 s /3 s /1 s for Yb /purge /NH4F /purge, respectively. The crystal in the 

front of the reaction chamber is marked in black and the back crystal in red. Right: A similar plot for one 

of the long runs from the QCM experiment. The pulse time was 30 s and the purge time 15 s.  

4.2.2.3 LnF3 Films 

LnF3 films with Ln = Y3+, Yb3+, Tm3+ and Nd3+ were synthesized and their respective film thicknesses, 

growth rates and refractive indexes are presented in Table 11. All the fluoride films showed between 0 

– 3 nm differences in film thickness from the front to the back of the reaction chamber for each run of 

1000 cycles. This correlates to 18 %, 17 %, 7 % and 2 % gradients for the, Yb3+, Tm3+, Y3+ and Nd3+ 

films, respectively, as the thicknesses of the films were quite different for the various lanthanides.  The 

mean growth rates were used to decide the amount of cycles that would be used in the lanthanide-fluoride 

thin films and the perylene-fluoride nanocomposites.  

Table 11. Film thicknesses of the LnF3 films along with mean values of growth rate pr. cycle and 

refractive indices.  

 

4.2.2.4 Crystallinity of the LnF3 Films  

XRD measurements were performed on the YF3 and YbF3 films to investigate their crystallinities. The 

aim was to be able to compare the crystallinity of YF3 and YbF3 to the perylene-fluoride nanocomposites 

and the lanthanide-fluoride thin films where YF3 and YbF3 were to be used as host lattices. Figure 4.27 

presents the diffractograms of the two thin films. The peaks found for the YbF3 sample match the 

expected orthorhombic structure of LnF3, but the peaks in YF3 are difficult to detect. Only a few of the 

documented peaks do show in the spectra as the measurements are done on thin films, not on powders 

where the crystallites are randomly oriented.  

Sample  Film thickness (nm) Growth rate 

(Å/cycle) 

Refractive index 

 Front Back   

YF3 (SHS4086) 27.3 25.7 0.3 1.56 

YbF3 (SHS4104) 18.1 15.3 0.2 1.60  

NdF3 (SHS4116) 42.5 42.6 0.4 1.57 

TmF3 (SHS4105) 18.9 16.3 0.2 1.54 
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Figure 4.27. Diffractograms of YF3 and YbF3 thin films. Two of the YbF3 peaks are easily detectable at this 

angle while no peaks are visible for YF3. *The strong peaks at 2θ = 33° is the (211) peak from the silicon 

substrate.  

 Perylene-fluoride Nanocomposites  

A perylene-fluoride system was explored through three MLD-depositions (NC1, NC10 and NC100) to 

determine whether a perylene dye could be implemented into a fluoride matrix. If so, the possibilities of 

using perylenes as sensitizers in fluoride lattices could be further explored. FA5 was used as the perylene 

precursor and the deposition sequence of the films are as shown in Figure 4.28. 10 supercycles of 

perylene pulses were deposited with 1, 10 or 100 cycles of YF3 in between the perylene pulses. The 

supercycles were enclosed in 200 cycles of YF3 on each side. The three depositions contained 410, 500 

and 1400 cycles of YF3, respectively, together with 10 cycles of perylene. The number of YF3 cycles 

was chosen from the investigated growth rates in 4.2.2.3, and to make sure that there was enough of 

each precursor to last through the lengths of the depositions. The exact number of YF3 cycles, expected 

and measured thicknesses, and the refractive indexes of the films are presented in Table 12.  
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Figure 4.28. Schematic illustrating the deposition cycles in the perylene-fluoride nanocomposites. Ten 

cycles of FA5/Gly/Y/Gly were deposited with 1, 10 or 100 cycles of YF3 in between the perylene layers. The 

supercycles were embedded in an YF3 matrix.  

Table 12. Expected and measured thicknesses of the perylene-fluoride nanocomposites listed along with 

the number of YF3 cycles and the refractive indexes of the films. The films were called NCx for 

Nanocomposite x = 1, 10 or 100 cycles of YF3 in between the perylene pulses. The thicknesses and the 

refractive indexes are measured both in the front and the back of the reaction chamber. *The expected 

values are calculated from the growth rate of YF3 and do not include the thickness that 10 cycles of 

perylene will add.  

Sample Number of YF3 

cycles  

Expected 

thickness (nm) * 

Measured 

thickness (nm) 

Refractive index 

   Front Back Front Back  

NC1  

(SHS4100) 

410 10.6 20.4 19.4 1.78 1.79 

NC10 

(SHS4098) 

500 13.3 16.9 14.8 1.85 1.82 

NC100 

(SHS4099) 

 

1400 37.1 39.0 29.8 1.83 1.81 

 

The refractive indexes of the nanocomposites (NC) did not vary much within the samples, or from one 

sample to the other, and was kept between 1.78 – 1.85. The thicknesses of the films show less predictable 

trends. Synthetization of NC1 with 410 cycles of YF3, were performed multiple times and each time the 

thickness of the film was greater than the similar deposition with 500 cycles of YF3 (NC10). NC1 was 

twice as thick as expected from growth rate calculations, while NC10 only added 3-4 nm extra compared 

to the predicted thickness. The difference in growth can be due to some growth mechanism between Y 

and glycine.  

While NC1 and NC10 show gradients of 5 % and 13 % from the front to the back of the reaction 

chamber, respectively, the 1400 cycles’ deposition (NC100) has a gradient of 9.2 nm, equal to 27 % 

difference in thickness from front to back. This is significantly higher than the corresponding YF3 

samples without FA5 implemented, with a gradient of 7 %. The thickness of NC100 is close to the 
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expected thickness calculated from the growth rate of YF3. All the films are thicker than the calculated 

values, which is reasonable as the thickness the 10 cycles of perylene will add is neglected in the 

calculation. Nevertheless, it should be noted that 10 cycles of perylene in a pure perylene film only 

correlates to 1.3 nm, but as the growth mechanism for perylene in fluoride has not previously been 

studied it is difficult to say exactly why the thickness of the nanocomposites deviate from the expected 

values.  

4.2.3.1 Optical Properties  

The transmission of the NC films on glass substrates were measured to see whether FA5 absorbed in the 

fluoride matrix. The expected absorption from 10 cycles of FA5 was calculated from SHS4071, a thin 

film made of FA5 and Y(thd)3. This was done to enable comparison of the absorption in these films to 

the perylene films deposited without NH4F. SHS4071 showed approximately 40 % absorption for 1000 

of FA5 (Figure 4.16), meaning that 10 cycles of FA5 should give about 0.4 % absorption for the NC 

films. The results of the UV-Vis measurements presented in Figure 4.29, show that this absorption is 

too small to detect. The small hills of the graphs (350 nm – 700 nm) can probably be blamed on 

interference. From Figure 4.30, where NC100 are presented with the same FA5:Gly:Y film as in Figure 

4.29, small bumps can barely be seen in the UV-area.  The latter figure is made from UV-Vis 

measurements on silica rather than glass. To detect absorption by UV-Vis measurements the amount of 

perylene cycles in the thin film should have been increased.  

 

Figure 4.29. Transmission curves of the three NC films plotted with the transmission curves of YF3 and 

FA5:Gly:Y (SHS4071). The measurements were performed on glass substrates. 
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Figure 4.30. Transmission curves of NC100 and FA5:Gly:Y (SHS4071) measured on silica substrates. 

4.2.3.2 Composition of the NC-samples 

An XPS analysis was performed on NC100 mainly to see if FA5 was embedded in the YF3 matrix. The 

results, presented in Table 13, are very surprising. 1400 cycles of YF3 with only 10 cycles of FA5-Gly-

Y-Gly should result in mostly Y and F in the sample. Instead, 44 % C, 19 % O and 15 % N can be found 

along with only 8 % Y and 14 % fluoride.  

Table 13. Expected and measured elemental ratios of NC100 (SHS4099) with 10 perylene cycles embedded 

in an YF3 matrix.  

Sample Thickness 

(nm) 

C (at. %) O (at. %) N (at. %) Y (at. %) F (at. %) 

Theoretical 

values 

 10.6 1.9 0.3 21.8 65.4 

NC100 39.1 44 19 15 8 14 

 

In addition to high amounts of C, N and O, the ratios between them are hard to explain. FA5 growth 

with either 0, 1 or 2 glycines attached should result in the approximate ratio of 6:1 for carbon vs. oxygen. 

The ratio between carbon and nitrogen for FA5 attached to one or two glycines should be close to 60:1 

or 30:1, respectively. Most of the excess N and O cannot come from FA5-Gly-Y-Gly growth as the N 

and O contents are much higher compared to the amount of carbon in what we would expect from a FA5 

film. N and O is also almost in a 1:1 ratio which is not possible if all provided nitrogen comes from 

glycine which has two oxygen atoms for each nitrogen.  
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The high amount of nitrogen can suggest that nitrogen from NH4F somehow has been implemented into 

the film. This is supported by Figure 4.31 (right) where an extra peak in the nitrogen fitting has appeared 

in addition to the peak for the nitrogen at the imide position in FA5. The other peak, at 398.8 eV, do 

most probably belong to a NH2  component even though this peak usually is found at higher values like 

399.1-399.6 eV [71]. Decomposition of NH4F leads to HF and NH3 where the ammonia part is expected 

to be purged out of the reaction chamber and not participate in film growth. In this sample, NH3 seems 

to either react with something in the film or stay in pores in the structure instead of being instantaneously 

led out of the reaction chamber.  

Ammonium fluoride, if reacted with yttrium, has been known to form different compounds depending 

on the temperature. NH4F will decompose to HF and NH3 at temperatures between 260 – 400 ℃ [19] 

but if ammonium fluoride were to react with yttrium in the gas phase, compounds like NH4Y2F7 or other 

YF3 x NH4F structures can be formed [72]. This compound is stable up to 380 ℃ which is higher than 

the deposition temperature of the film. Such growth can explain the higher content of nitrogen in the 

thin film. The ratio between F and Y can possibly be explained with a combination of NH4Y2F7 growth 

and R-NH2 stored in pores. 

An extra peak, probably belonging to a YO- compound, appears in the in the oxygen fitting of Figure 

4.31 (left). This peak has not been present in the previously presented perylene samples; FA5:Gly:Y:Gly 

and PDI:Y, and does therefore not belong to yttrium connected with glycine. Exactly what compound 

this represents has unfortunately not been determined. The extra yttrium-oxygen can help explain the 

high amount of O in the sample but not the given ratios from the elemental analysis.  

 

Figure 4.31. Left: Oxygen curve fitting for the XPS analysis of NC100. Right: Nitrogen curve fitting for 

the same sample.  

The peak intensities of the C-O/C=O and C-N peaks in the carbon curve fitting in Figure 4.32 (left) are 

about half of that of the C=C peak. These ratios are off when compared to the ratios of the different 

carbons in the FA5-Glycine depositions, where these peaks had about one third of the C=C peak 
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intensity (Figure 4.21). These results suggest that the high intensities for the C-N and C-O/C=O are 

mostly due to other carbon components in the film. Exactly what compounds are present are hard to say 

but some of the carbon content can be blamed on impurities or thd groups still attached to Y. Due to 

lock down as a consequence of the COVID-19 virus new XPS measurements of this sample or the other 

similar samples could not be performed to investigate the matter further. The yttrium peak fitting in 

Figure 4.32(right) is as expected for Y3+[64].  

 

 

Figure 4.32. Left: Carbon curve fitting for the XPS analysis of NC100. Right: Yttrium curve fitting for the 

same sample. 

4.2.3.3 Crystallinity  

The crystallinities of the films were explored by XRD. The lack of peaks in the diffractograms in Figure 

4.33 imply that the perylene-fluoride nanocomposites are amorphous. Unfortunately, it is hard to say 

for certain as the XRD measurements of YF3 (Figure 4.27) barely showed any visible peaks to begin 

with. 
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Figure 4.33. XRD spectra of the three NC samples where FA5 are deposited in an YF3 matrix of different 

thicknesses. No visible peaks are detected. *The strong peak (211) is from the silicon substrate.   

 Lanthanide-fluoride Thin Films  

After implementation of perylene into a fluoride matrix, the focus shifted over to synthesis of the 

upconversion part of the system. The lanthanide-fluoride thin films were made with NdF3 and TmF3 in 

an YbF3 matrix. Nd3+ work as a sensitizer for Yb3+ that further synthesizes Tm3+ which is the 

upconversion center. Yb3+ function both as a sensitizer and host matrix. In total, seven different films 

were made. One film with Tm:YbF3 and one Nd:YbF3, the remaining five films were Nd:Tm:YbF3 with 

different spacing between Tm3+ and Nd3+. The distances between Tm3+ and Yb3+ were varied to explore 

the effect of quenching and to see whether some of the distances achieved upconversion. The deposition 

sequences were of the form: 

(𝑁𝑑𝐹3 − 𝑥𝑌𝑏𝐹3 − 𝑇𝑚𝐹3 − (300 − 𝑥)𝑌𝑏𝐹3) 𝑥5 

and are illustrated in Figure 4.34. x refers to the number of deposition cycles. When x is equal to zero, 

Nd3+ and Tm3+ are neighbors while when x is equal to 150, Tm3+ is in the middle of two Nd3+ layers.  

All films were made with the standards pulse/purge parameters, 2 s /1 s /3 s /1 s, and each deposition 

consisted of a total of 2100 YbF3 cycles with 5 cycles of NdF3 and /or TmF3. The temperature profile 

from zone 1 – 8 was: 130 ℃, 145 ℃, 170 ℃, 250 ℃, 320 ℃, 350 ℃, 350 ℃, 350 ℃ to enable 

implementation of perylene at a later point. Pure NdF3 and TmF3 thin films were deposited prior to and 
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after the multicomponent films to make sure that Nd3+ and Tm3+ were pulsing during the upconversion 

depositions. 

 

 

 

Figure 4.34. Illustration of the deposition sequence of the lanthanide-fluoride upconversion thin films. 300 

cycles of YbF3 encapsulate 5 supercyles of Nd:Tm:YbF3 with various distances between Nd3+ and Tm3+. For 

two of the thin films only Nd3+ or Tm3+ were deposited. 

Table 14 presents the thicknesses and the refractive indexes of the lanthanide-fluoride films as mean 

values of four measurements for each sample. Most of the films show approximately 10 nm (33 %) 

difference in film thickness from the front to the back of the chamber, with the exception of SHS4107 

and SHS4113 where the gradients are slightly less. The refractive indexes remain quite constant both 

within each run and from one run to the other.  

Table 14. Measured thicknesses and refractive indexes of the lanthanide-fluoride thin films. The film 

thicknesses are both measured at the front and the back of the reaction chamber.  

 

Sample number Supercycle (x5) Film thickness (nm) Refractive index 

  Front Back Front Back 

SHS4107 NdYb300 34.7 30.3 1.53 1.53 

SHS4108 NdTmYb300 38.1 27.8 1.53 1.52 

SHS4109 NdYb15TmYb285 36.5 26.7 1.52 1.52 

SHS4113 NdYb45TmYb255 33.0 23.0 1.56 1.57 

SHS4111 NdYb75TmYb225 32.1 25.7 1.51 1.53 

SHS4112 NdYb150TmYb150 25.9 24.3 1.53 1.53 

SHS4114 TmYb300 25.7 17.2 1.56 1.57 



79 

 

4.2.4.1 Optical Measurements 

UV-Vis measurements were performed on all lanthanide-fluoride films to enable comparison with a 

potential combined FA5:Nd:Tm:YbF3 film. All films were transparent, as they mostly consist of 

transparent YbF3. The transmittance curves are presented in Figure 4.35 along with the transmittance 

curve of YbF3. The small peak appearing at approximately 660 nm is due to artifacts from the 

configuration used.  

 

Figure 4.35. Transmission spectra of the lanthanide-fluoride thin films plotted with the transmission 

spectrum of YbF3. The peaks at approximately 660 nm is due to some disturbance with the UV-Vis 

configuration.  

4.2.4.2 Crystallinity  

XRD measurement were performed on three of the lanthanide-fluoride films to see whether the crystal 

structure remained the same for YbF3 when doped with Nd3+ and Tm3+. The diffractograms of SHS4107 

and SHS4112 in Figure 4.36 show three peaks for the orthorhombic Pnma structure of YbF3. Two peaks 

are barely visible for SHS4114, probably due to orientation of the sample during the measurement. As 

all the peaks can be connected to the YbF3 structure, doping of Nd3+ and Tm3+ does not seem to affect 

the crystal structure of the matrix.  
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Figure 4.36. Diffractograms of three of the multilayer samples. SHS4107 and SHS4114 show peaks equal 

to the orthorhombic structure of YbF3. Similar peaks are barely visible for SHS4113. *The strong peak 

(211) is from the silicon substrate.   

4.2.4.3 Cathodoluminescence Spectroscopy (CL) 

CL measurements were performed on three of the multilayer samples, SHS4107 (Nd-doped), SHS4114 

(Tm-doped) and SHS4112 (co-doped), to investigate the luminescent properties of Tm3+ in the thin 

films. Figure 4.37 presents the spectra of SHS4112 and SHS4114. They both show characteristic peaks 

for Tm3+ [73] and SHS4112 does in addition have one peak at 581 nm. This peak is present in Figure 

4.38, the spectrum of SHS4107, indicating that this peak in SHS4112 is due to the presence of Nd3+. 

The prominent Tm3+ luminescence from these tests gave hope for good upconversion properties and 

rendered the samples as good enough to use for further PL tests. The difference in noise levels between 

SHS4112 and SHS4114 is not due to difference in the quality of the samples but rather a consequence 

of some configuration issues as SHS4114 was the first sample to be measured.  
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Figure 4.37. CL spectra of SHS4112 and SHS4114, identifying Tm3+ luminescence in both samples.  

 

Figure 4.38. CL spectrum of SHS4107, showing the peaks from Nd3+ luminescence.  

4.2.4.4 Photoluminescence Spectroscopy (PL)  

Photoluminescence measurements were performed to explore how the luminescent, and presumably 

upconverting, properties of the Nd:Tm:YbF3 samples varied with the spacing between Nd3+ and Tm3+. 

The plan was to initially map the excitation spectrum of neodymium to find a suitable excitation 

wavelength for this ion. This would be used to excite Nd3+ and see the energy transfer from this ion to 

Yb3+ and Tm3+
, giving upconversion emission in the case of Tm3+. The upconversion from Yb3+ to Tm3+ 
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would be studied in the same way, exciting Yb3+ rather than Nd3+. The excitation spectrum of Tm3+ 

would also be explored to enable Tm3+ to be excited directly giving down shifting for all Tm3+- 

containing samples. This measurement would make it possible to compare the down shifting in the co-

doped samples to that of the Tm3+-single doped thin film, hence exploring whether close proximity of 

Nd3+ to Tm3+ would quench the Tm3+ luminescence. Life-time measurements were also planned for 

these experiments to see how long the thulium luminescence would last depending on the distances 

between the ions. An overview of the specific experiments planned are listed in Table 15 on the next 

page.  

Prior to measurements the samples had to be aligned with the optical configurations accessible, and 

different lasers and detectors tested to see where signal could be obtained. The alignment process turned 

out to be challenging as the samples were very thin and hence their absorption weak. The pulsed laser 

was initially adjusted to an emission wavelength corresponding to ytterbium to measure the excitation 

spectrum of neodymium. This gave no signal. Similar trouble arose with thulium excitation and therefore 

a new approach, using the continuous laser to excite Yb3+ at 972 nm, was chosen. Using a continuous 

laser enhances the likelihood of absorption as the total intensity hitting the sample is higher and in 

addition to this Yb3+ is known to absorb better than the other lanthanides [46]. The main target with Yb3+ 

excitation was to see upconversion luminescence from Tm3+ and energy transfer from Yb3+ to Nd3+. The 

latter part is not a part of the planned system but was performed simply to confirm that transfer between 

the two ions could take place. The emission spectra obtained for all samples using 972 nm as the 

excitation wavelength is presented in Figure 4.39.  
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Table 15. Overview of the planned PL-experiments. Nd and Tm refer to the Nd/Tm-single doped samples, SHS4107 and SHS4114, while Co refer to all the co-doped 

samples. 

Experiment Purpose What How Obtain  Samples 

1. See transfer and find optimal 

excitation wavelength for Nd3+ 

Nd3+  Yb3+ transition PLE, λem = 1000nm Excitation spectrum 

of Nd3+ 

Nd 

2. See upconversion Upconversion 

Nd3+  Yb3+ 
 Tm3+ transition 

PL(UV-Vis)(NIR?),  

λex = 808 nm 

Emission spectrum 

Tm3+ 

Co x5 

3. See upconversion without Nd3+ 

 

 

See upconversion when exciting 

Yb3+ 

Upconversion 

Yb3+ 
 Tm3+ transition 

 

 

Same for the other samples 

PL, λex = 980 nm Emission spectrum 

Tm3+ 

Tm 

 

 

Co x5 

4. Compare Tm emission with 

Tm3+ emission from Nd3+ doped 

samples 

Down shifting  

Tm3+ transition 

PLE, λem = 650nm  

Detector on one Tm3+ 

emission line, exciting Tm3+ 

in UV  

 

UV-excitation 

spectrum 

Tm 

5. See how Tm3+ luminescence 

varies with distance between 

dopants  

Down shifting  

Tm3+ transition 

Use max peak from exp. 4 

PL.  λex = ? 

Emission spectrum  Co x5 

 

Tm 

6.  Decay experiments. Same as for 

exp. 5 

  Co x5 

 

Tm 

7. Compare emission of Yb3+ and 

Tm3+ to see if Yb3+ bridge is too 

long for full energy migration 

between Nd3+ and Tm3+ 

Identical as exp. 2, but 

monitoring Yb3+ emission instead 

of Tm3+ upconversion emission 

PL(NIR), λex = 808 nm Emission spectrum 

Yb3+ (850 – 1200 

nm) 

Nd 

 

Co x5 
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Figure 4.39. Emission spectra of all Nd:TmYbF3 multilayer samples when excited with the continuous 

laser, λex = 972 nm. An inlet graph is included showing how the intensity of the peaks in the area 650 nm – 

750 nm varies with the number of YbF3 layers between the dopants.  

The spectra in Figure 4.39 do not look as expected. The peaks do not seem to correspond to any 

distinguished energy levels in thulium as is usually seen when Yb3+ transfer energy to the upconversion 

center.  Results from CL- measurements presented in Figure 4.37 and Figure 4.38, of Nd3+ and Tm3+ 

luminescence, respectively, have already showed that the dopants are present in the films and that they 

do luminescence with their characteristic spectra when excited by electrons. These spectra correspond 

to certain energy transitions within the ions while the ones in Figure 4.39 do not. It is surprising that the 

same peaks would arise in the single doped Nd3+-sample as in the Tm3+-doped samples. The two 

lanthanides do not share the same energy levels and it is therefore likely to believe that at least some of 

the signal is a result of reflection from the measurement chamber.  

Despite the unexpected emission spectra, it is worth noting that the intensities of the peaks vary for the 

different samples. SHS4113 with 45 cycles of YbF3 separating Nd3+ and Tm3+ shows the highest 

intensity followed by SHS4111 with a spacing of 75 cycles. The samples with shorter and longer 

distances between the dopants have lower intensities than these indicating less efficient energy transfer. 

This may give an indication that a spacing of 45 cycles or a little more is optimal for sufficient energy 

transfer, while shorter distances lead to quenching and longer separation prevents transfer between the 

ions. Whether this is actually the case cannot be said for certain as it is not known exactly where the 
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emission comes from. It is possible that the peaks visible is from the environment inside the 

measurement chamber rather than from the sample and hence the peak intensities arbitrary. However, 

the refractive indexes are similar between samples in the NIR excitation range and the similar film 

thicknesses should rule out major differences in interference patterns. Thus, it is unlikely that the overall 

reflectivity of these samples and hence the amount of NIR laser hitting the inside of the measurement 

chamber can explain the differences in measured intensities. If this is the case, further alignment of the 

thin films may have given better results if more time was available for testing. Unfortunately, the stay 

at iLM was interrupted after only three days due to the COVID-19 virus, and no further experiments 

were performed.  

 Summary of Results  

The result section describes the different steps performed in order to achieve organic sensitized 

upconversion in thin films synthesized by MLD. Figure 4.40 gives an overview of the different parts of 

the project and is further elaborated on in the following paragraphs.  

Step one in the project was to sublimate perylene molecules into the gas phase to implement these into 

thin films. PTCDA was the first perylene tested and a PTCDA/Y(thd)3 film was successfully made 

though the growth rate and thus the optical absorption of the film was very low. Using glycine as a linker 

was not possible due to the large difference in temperature between glycine and PTCDA. PDI was 

synthesized from PTCDA and glycine and pulsed with different β-diketonates Ln(thd)3, giving thin films 

containing both perylene and Ln(thd)3. Unfortunately, the PDI precursor decomposed during deposition 

and the films deposited showed large gradients in thickness. FA5 was introduced due to its promising 

luminescent properties and its low sublimation temperature. FA5/Glycine/Y(thd)3/Glycine films were 

successfully deposited  with high growth rates and reproducibility.  

The next step was the synthesis of LnF3 films to test whether NH4F could be used as an anion precursor 

for the systems and to explore the growth rates of LnF3 (Ln = Y3+, Yb3+, Tm3+ and Nd3+).  Both zone 0 

and zone 5 was used as precursor zones, pushing the limits of the temperature profiles that can be 

achieved in the MLD reactor. The LnF3 films were easily synthesized with the exception of YF3 which 

rather formed YF3 xNH4F compounds. The third step was to implement a perylene molecule, FA5, into 

an LnF3 thin film. Due to challenges regarding the synthesis of YF3, which was used as the fluoride 

matrix, the results in this section are indecisive.  

The fourth step regarded synthetization of lanthanide-fluoride upconversion films.  Tm3+ and Nd3+ was 

successfully doped in an YbF3 matrix, as can be seen from CL experiments. How the distance between 

the dopants effect the luminescent properties of the thin films was not fully explored due to lock down 

as a consequence of the COVID-19 virus. The fifth, and final step required the other parts of the project 

to be fully explored and was therefore not realized. 
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Figure 4.40. Summary of the different experimental steps preformed in the project aiming to achieve 

organic sensitized upconversion in thin films deposited by MLD.  
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 Discussion 

We will here combine the results from the previous section to allow for a more in depth discussion. 

Perylenes as MLD precursors and perylene based thin films will be discussed firstly, followed by a short 

discussion on the lanthanide-fluoride films. 

 Perylenes as MLD Precursors  

Three big, organic dyes, PTCDA, PDI and FA5, have been implemented into thin films using MLD. 

Molecules like naphthalene-imides have previously been regarded as large after MLD standards [30], 

but the experiments in this project clearly show that there are possibilities for also a selection of larger 

molecules to be excellent MLD precursors.  

5.1.1.1 Sublimation Temperatures  

The large reduction in the sublimation temperature of 60 ℃ between the heavy FA5 and the two lighter 

perylenes were a surprising discovery. FA5 has a molecular mass of 985.12 g/mol which is 

approximately twice the weight of the other dyes. It was therefore assumed that the sublimation 

temperature of this precursor would be even higher than the 380 ℃ for PTCDA and PDI. The opposite 

proved to be the case as FA5 sublimes at about 60 ℃ below the others. This effect can be explained by 

the planar structure of PDI and PTCDA that promotes stacking of the molecules on top of each other 

[14]. Strong intramolecular π-π- forces and dipole-dipole interactions “glue” the molecules together and 

higher temperatures are required to bring them into the gas phase. FA5 has large ligands attached at the 

bay positions at an angle from the core, making this perylene no longer planar. The π-π- forces are 

therefore weaker due to steric hindrance and the sublimation temperature accordingly lower [11].  

5.1.1.2 Thermal Behavior of the Precursors  

Although all the perylenes showed sufficiently low sublimation temperatures to be used as MLD 

precursors, their thermal stability had to be monitored. PTCDA did not show any decomposition during 

heating, no self-growth when pulsed alone and could be used in more than one run without refill of the 

precursor boat. It can therefore be a promising precursor for even further explorations than performed 

here. PDI showed decomposition when heated to its sublimation temperature and the deep, pink powder 

turned brown with a crust after heat treatment. Reuse of the precursor gave film with very weak 

absorption compared to those with new PDI precursor. PDI also showed substantial self-growth making 

it harder to predict the actual growth of the films.  

The decomposition of PDI may be related to incomplete synthesis of this precursor or to polymerization 

of the molecule. From NMR, XPS and FTIR measurements it is evident that the synthesis of the perylene 

precursor resulted in more than one product, the exact structures of the side products being unknown. 

The side products may decompose upon heating or react with each other to form new compounds. As 

PDI shows substantial self-growth, polymerization reactions will also take place and may lead to 

decomposition of the precursor powder. PTCDA does not share a similar behavior, even though the 
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structure is very much alike. This indicates that the perylene core of the molecule does react well to heat 

treatment and that decomposition can be blamed on unwanted side products or polymerization. 

As opposed to the other perylenes, FA5 melted when heated to its sublimation temperature. Reuse of 

this precursor gave large gradients in thickness of the film indicating that some kind of decomposition 

happens with FA5 upon reheating. The absorbing properties and the fact that the film kept the purple 

color of the other FA5/Glycine/Y films, suggest that the perylene core is somewhat intact in the structure 

(Figure 4.16). The gradients may possibly be blamed on decomposition products passivating reactive 

sites some places in the film. The exact thickness of this film could not be estimated as neither the 

Cauchy function nor a perylene model would give a good fit for the thickness with spectroscopic 

ellipsometry. FA5 does not show self-growth, making it easier to predict the growth mechanisms of the 

FA5 based thin films.  

 Perylene Based Thin Films 

5.1.2.1 MLD Growth 

Analysis of the chemical compositions of the various perylene films through XPS gave that both PTCDA 

and PDI react with Ln(thd)3 to form thin films with stoichiometries close to Ln2Perylene3. This formula 

correlates with the chemistry of the molecules as the perylenes ideally have one available connecting 

site on each side and the valence of the lanthanides are 3+. Figure 5.1 illustrates hypothetical structures 

that could result from Ln2Perylene3, showed in the 2D plane. Both PTCDA and PDI are large molecules 

which when reacted with Ln(thd)3 probably will result in porous films. The glycine linker embedded in 

PDI makes the PDI based thin films (Figure 5.1 right) less rigid than those made from PTCDA (Figure 

5.1 left) as the molecules are free to rotate around the linker. The porous structure explains the big mass 

loss observed during the PDI4 purge in Figure 4.15 from the QCM experiment performed. The mass 

loss is a result of molecules stored in pores in the structure during pulsing and are lead out of the chamber 

during the following purges. The lack of saturation of the PDI pulse in the same experiment can be 

blamed on the observed-self growth of the molecule.  
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Figure 5.1. Illustrations of possible thin film structures for a) PTCDA + Y(thd)3 in the stoichiometry 

Y2PTCDA3 and b) PDI + Y(thd)3 in Y2PDI3. The illustrations are as imagined in the 2D plane while a 

more realistic structure would show 3D growth. The framed boxes show a zoom in of where the dyes are 

linked together.  

The FA5 based films do, similarly to the other perylene based films, show a tendency toward forming 

structures of the chemical formula Ln2Perylene3. The main difference from the other perylene films is 

that from QCM and XPS analysis it is clear that yttrium-glycine growth takes place as well. The decrease 

in mass on the QCM crystal at short exposures of FA5 in Figure 4.17 suggests that glycine and Y form 

film when FA5 is not pulsed. This is confirmed by the graph obtained by pulsing glycine and Y(thd)3 

without FA5 (see Figure 4.18). XPS data confirms the Y-glycine growth by determining the atomic % 

of O, Y and N to be slightly higher than the percentage expected from a pure Ln2(FA5)3 structure. Due 

to the large sidechains on FA5, a Ln2(FA5)3 structure could possibly be difficult to obtain even without 

Y-glycine growth, as the ligands take up much space around each molecule keeping other dyes further 

away.  

Despite the intermix of  FA5-Gly-Y-Gly and Y-glycine growth the pulse and purge parameters of 3 s 

exposure for pulses and 1 s for purges, respectively, seem to work well. Many films with FA5/Gly/ 

Y(thd)3/Gly have been deposited, some of them described in the result section. They all show 

approximately the same growth rate for different film thicknesses, indicating that the films are 

reproducible. The large mass loss after each purge in both the standard runs and the long run suggests 

that the FA5 films are porous similarly to the other perylene based films. This is reasonable as the 

structure probably looks similar to that of Ln2PDI3 in Figure 5.1 (right) except for the extra Y-Glycine 

growth and the ligands of FA5.  

Another question that needs to be discussed is whether a glycine-linker between a perylene and a 

β-diketonate Ln(thd)3 is advantageous, or even necessary, for film growth. Chemical composition data 

and spectroscopic ellipsometry measurements make it clear that film has been obtained for both PTCDA 
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and FA5 with Y(thd)3, with and without linkers. Hence, glycine is not a necessity for film deposition. A 

considerable difference in absorption of the films with and without glycine has been observed. Table 16 

provides an overview of the amount of absorption that would be expected from 20 nm thin film of the 

different perylenes, with and without glycine as a linker. The values are calculated based on the 

absorption measured and documented in the result section. The FA5 based films show decreasing 

absorption with increasing amount of glycine in the films. This is reasonable as some Y-Glycine growth 

takes place and this part of the films will not have absorbing properties. While FA5 + Y(thd)3 shows the 

highest degree of absorption, PTCDA + Y(thd)3 and PDI + Y(thd)3 are not far behind. These three films 

have in common that no glycine is being pulsed in the reactor and is free to react with yttrium.  

Table 16. % absorption measured for different perylene based films made with Y(thd)3 as cation 

precursor. The absorption is measured from the most prominent dip in the transmission spectra. 

Film (precursors) % absorption pr. 20 nm film  

PTCDA + Y(thd)3 8.8 

PDI + Y(thd)3 11.8 

FA5 + Y(thd)3 16.0 

FA5 + Glycine + Y(thd)3 7.4 

FA5 + Glycine + Y(thd)3 + Glycine  4.6 

 

The growth rates and the uniformity of the thin films with and without glycine do also differ from sample 

to sample. For all systems, the growth rates are remarkably higher for the films using glycine as a linker. 

The FA5 based films with glycine have a growth rate close to 1.3 Å/cycle while the film omitting glycine 

only has 0.2 Å/cycle. The pulsing of PTCDA + Y(thd)3 barely gives any film, the growth rate is as low 

as 0.05 Å/ cycle compared to 0.5 Å/cycle for PDI + Y(thd)3. The variation in thicknesses of the films is 

most significant for the PDI samples with 18 % gradients or more from the front to the back of the 

reaction chamber. Comparing this to the gradients on the PTCDA + Y(thd)3 sample is hard as this film 

is very thin and the error in thickness probably significant. FA5 films with glycine show approximately 

14 % gradients while the one without glycine show 11 % gradients. The higher degree of uniformity in 

the sample without glycine can possibly be explained by the absence of Y-Glycine growth that takes 

place in the glycine containing samples. 

5.1.2.2 Luminescence of the Perylene based Films 

Unfortunately, none of perylene based thin films showed any sign of luminescence. The most likely 

explanation for this is aggregation caused quenching (ACQ) [14]. As mentioned previously, the strong 

intramolecular forces between the perylene cores lead to stacking. This quenches the emission from the 

dyes. Attempts were made to dilute the amount of perylenes by controlled growth by MLD but this was 

not enough to avoid quenching. FA5 with large side groups were introduced with the hope that the 
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ligands would limit the aggregation and hence the quenching. This approach has been used previously 

for similar structures, though not with MLD. An example can be seen in Figure 5.2 a), where the 

presented perylene show luminescence in the solid state [11] due to attachment of a ligand. While FA5 

is a symmetric molecule with four alike ligands at the bay positions, the perylenes from Zhang et. al 

only have one ligand and is thereby asymmetrical. The asymmetry may be a possible explanation for 

why one molecule is luminescent in the solid state and the other not. Attachment of other molecules 

such as TPE, Figure 5.2 b), has also been a successful way of converting ACQ molecules into structures 

that become increasingly luminescent in the solid state [14]. It may be that fewer ligands attached to the 

perylene core, to cause asymmetry, or larger ligands, to induce even more steric hindrance, could be a 

reasonable next step to make luminescent perylene films.  

 

Figure 5.2. a) Perylene structure with a ligand R1 or R2 attached to one bay position to avoid ACQ. 

Adapted from [11]. b) An illustration of TPE, a molecule that can be used as a ligand on ACQ molecules 

to make them more prone to luminescence in the solid state. Adapted from [14].  

 Perylene-fluoride Nanocomposites  

Synthetization and characterization of FA5 doped YF3 films turned out to be challenging due to 

unforeseen problems with the precursors, NH4F and Y(thd)3. Rather than obtaining the expected LnF3 

structure that was achieved depositing NH4F with the other β-diketonates Ln(thd)3, an yttrium film of 

unknown composition was synthesized. Analyzing the results from the XPS measurements in Table 13, 

the most likely explanation is that the MLD depositions resulted in films with YF3 xNH4F structures 

like NH4Y2F7 or other similar compounds. Excess NH3 may also be present in pores in the structure. 

The high content of O, N and Y compared to F does not only dismiss the possibility of an YF3 structure 

but also states that FA5/Gly/Y/Gly growth cannot be the reason for the high content of the different 
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elements. The stoichiometry does not add up, meaning that the high level of carbon cannot be blamed 

on higher FA5 content than expected, but rather on impurities or decomposition products.  

Whether FA5 was actually implemented into a fluoride matrix cannot be fully determined due to the 

deviations from the expected host matrix. The films of FA5 doped in yttrium fluoride were all 

amorphous from XRD measurements, but as the yttrium fluoride films made without FA5 did not show 

any peaks in the diffractograms, it is difficult to say if there is any change in structure. The UV-Vis 

spectra of the FA5 based yttrium fluoride films do not show any visible absorption peaks, and do 

therefore not confirm the presence of perylene in the films.  

The next step would be to explore the FA5 based yttrium fluoride films further with other 

characterization techniques and depositing FA5 into an YbF3 matrix. Characterization techniques such 

as FTIR or Raman spectroscopy could potentially reveal different NH3/NH4 vibrations and Secondary 

ion mass spectroscopy (SIMS) would enable detection of hydrogen in the structure. Using YbF3 as a 

host matrix would be a safe choice if the samples were to be remade as this is a lattice that has already 

been explored in the project and proven to be easily reproduced. Comparing FA5 doped YbF3 films to 

those with no FA5 content would make it possible to determine whether FA5 has been implemented, as 

YbF3 shows crystallinity in XRD. The planned experiments were unfortunately never performed due to 

the COVID-19 lockdown of the university.  

 Lanthanide-fluoride Thin Films  

The lanthanide-fluoride films of YbF3 doped with Tm3+ and Nd3+ were synthesized with crystallinities 

and thicknesses close to values predicted from the growth rate of the YbF3 matrix. The films show 

gradients of approximately 10 nm difference in thickness from the front to the back of the reaction 

chamber for about 30 nm of film. Both the thicknesses of the films and the refractive indexes vary 

similarly within most of the samples, indicating that despite gradients the films are reproducible. QCM 

experiments of the NH4F/Yb(thd)3 system confirm that the host matrix is deposited with the precursors 

almost saturating within the exposure times and with no film growth at zero pulsing. In addition to this, 

all samples proved to be transparent from UV-Vis experiments. XRD measurements preformed on three 

of the samples all show the Pnm structure expected of an YbF3 matrix, further suggesting that the desired 

lattice is formed.  

The cathodoluminescence experiments (CL) confirmed the presence of Tm3+ and Nd3+ in the lattices and 

gave some grounds for discussing the luminescent properties of the thin films. Excitation by electrons, 

which is what CL does, resulted in luminescence of both Tm3+ and Nd3+ from the three samples 

measured, proving that the ions have been doped into the YbF3 matrix. Impurities in the YbF3 lattices 

do not seem to quench the emission, further confirming that NH4F is a suitable anion precursor for 

matrixes that are to be doped with luminescent ions. Alternative fluoride precursors like TiF4, have 

shown to give films with impurities and have thus not been considered in this work [22]. 
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While CL is a useful technique for detection of luminescent species, there are certain restrictions to what 

type of luminescent properties that can be studied with this method. Both Tm3+ and Nd3+ were excited 

by electron bombardment but the emission spectra provide no information about what wavelengths 

would be useful to excite specific energy levels in the samples. The electron gun adds energy to the 

system as a whole but does not need to be equal to a specific amount of energy between different levels 

to ensure excitation. Excitation spectra of the dopants can therefore not be obtained with this 

configuration and decay measurements are also not possible. Despite these restrictions, a more thorough 

study of all the samples using CL might have been useful to see whether the luminescence in the samples 

was quenched by short or long Nd3+-Tm3+ dopant distances. This was the main target of the PL 

measurements that proved unfruitful due to restricted time with the experimental set up and weakly 

absorbing samples. Comparing total intensities in the five Nd:Tm:YbF3 co-doped samples would give 

some information about the relative luminescence efficiency where a lower efficiency could indicate 

quenching due to Tm3+ to Nd3+ back transfer. New CL experiments could unfortunately not be performed 

due to the COVID-19 lockdown of the university.  

 Summary of Discussion 

The discussion chapter led to some helpful conclusions and some ideas for useful next steps which will 

be elaborated on in the section on future perspectives. The sublimation temperatures of the perylenes 

are sufficiently low to be used in MLD depositions but due to lack of thermal stability of some of the 

dyes, and the remarkably low sublimation temperature of FA5, this perylene is the most promising one. 

All perylene films show tendencies towards forming structures with an Ln2Perylene3, composition but 

in the FA5 based films there are also considerable Y-Glycine growth. Perylene based films using glycine 

as a linker do in general show higher growth rates and lower absorption than films deposited without 

linker. An YF3 lattice turned out to be challenging to synthesize with the chosen precursors while YbF3 

are easily made with reproducible thicknesses. Tm3+ and Nd3+ have successfully been doped into an 

YbF3 matrix, however their luminescent properties were not fully explored due to the lockdown as a 

consequence of the COVID-19 situation.  
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 Conclusion  

Three perylenes have been tested as MLD precursors; PTCDA, FA5 and PDI, the last one was 

synthesized in the lab. The sublimation temperatures of the dyes were found to be 380 ℃, 380 ℃ and 

320 ℃ for PTCDA, PDI and FA5, respectively, using the precursor tester. The low sublimation 

temperature of FA5, despite its high molecular mass (985.12 g/mol) proves that intramolecular forces 

have a higher impact on the sublimation temperature of organic dyes than the mass of the molecules. 

PDI decomposes during MLD growth, while PTCDA and FA5 show better thermal stabilities and are 

therefore better suited as MLD precursors. 

All three perylene precursors have been implemented into thin films when deposited with β-diketonates 

Ln(thd)3 with and without the use of glycine as an acid linker. Considerably higher growth rates have 

been obtained for films containing glycine; 1.3 Å/cycle for FA5 and 0.5 Å/cycle for PDI (PTCDA + 

glycine) compared to without; 0.2 Å/cycle and 0.05 Å/cycle, respectively. The remarkably higher rate 

for FA5 based films is influenced by the additional Y-Glycine growth that takes place in these films. 

All perylene films form structures of the composition Ln2Perylene3 which probably are porous 

structures, explaining the large mass loss during purges in the QCM experiments. All the perylene films 

are absorbing, with the highest absorption obtained for the FA5 based film without linker (16 % for 20 

nm film). The absorbing properties decreases with larger amount of glycine in the films.  

NH4F was chosen as the fluoride precursor for the LnF3 films providing good growth with most Ln(thd)3 

precursors. YbF3, TmF3, NdF3 were deposited with growth rates of 0.2 – 0.4 Å/cycle and reproducible 

thicknesses. Some challenges arose when NH4F was reacted with Y(thd)3. Instead of forming LnF3 as 

was the results for the other depositions, an YF3 xNH4F structure was formed. Another fluoride precursor 

should therefore be considered if YF3 is to be deposited. Furthermore, characterization of YF3 doped 

with FA5 was difficult to perform as the exact composition of the host matrix was not determined. From 

XPS results it is evident that a thorough QCM study should be performed to explain the complex 

perylene-fluoride chemistry.  

Lanthanide-fluoride films consisting of Tm3+ and Nd3+ doped in an YbF3 were synthesized with the 

purpose of exploring how the upconversion properties changed with varying distances between the 

dopants. The presence of the dopants was confirmed through CL experiments but the upconversion 

properties were not fully explored due to lockdown of the University in Lyon due to the COVID-19 

virus. Using thicker samples or other types of equipment with higher energetic excitation sources may 

have proven useful to give better results in this part of the project. Anyways, the successful doping of 

the phosphors, their luminescence when excited by electrons and the reproducibility of the films show 

great potential for further work with upconversion thin films.  
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 Future Perspectives  

The overall goal of this project was to make an organic sensitized upconversion film for solar 

cell/photocatalytic applications. Many steps have been taken to realize this, but a few steps still remain. 

Restricted time and abrupt loss of lab access due to lockdown of the university as a consequence of 

COVID-19 left a few things undone.  

Accurate measurements of the thicknesses of the perylene based films were not obtained due to limited 

measurement range of the equipment accessible. The Cauchy function was used to estimate the 

thicknesses in the transmitting area of the perylene based films, but this is not a large area compared to 

the range of the ellipsometer used. A trip to the Institute for Energy Technology (IFE) at Kjeller was 

planned to perform SE measurements on an instrument with a longer range (280 – 1700 nm) than the 

one in the home lab. Above 900 nm the perylenes are transparent and a better fit for the films could be 

made with the Cauchy model in the area above this wavelength.  

We also had planned to study possible porosity of the films by ellipsometric porosimetry. This would 

have provided information on the size and number of pores in the thin films, which would shed a light 

on the structure and growth mechanisms forming the films. 

Three different perylenes have been implemented into thin films in combination with β-diketonates 

Ln(thd)3. To further explore their use as sensitizers the dyes should be implemented into fluoride 

matrixes.  From this project it is evident that using an YF3 matrix is challenging so instead we planned 

as the next step to implement FA5 into YbF3. This matrix is easier to make and has proven in this project 

to be suitable for lanthanide doping. With implementation of both the dye and the lanthanide dopants in 

the same fluoride matrix we are getting close to an organic sensitized upconversion system. 

Nevertheless, the results in this thesis show that mixing of organic molecules and fluoride chemistry is 

complicated and many steps would be required to study such depositions in depth with extensive use of 

QCM measurements.  

In this project aggregation caused quenching of the perylene molecules have led to non-radiative decay 

of the films. An interesting next step would be to study aggregation induced emission (AIE) molecules 

rather than continue diluting the amount of perylene to induce emission, which was the target in this 

thesis. AIE molecules show a tendency towards emitting light in an aggregated state in contrast to 

molecules such as perylenes that show the opposite effect [14]. The AIE effect arises in dyes with for 

example peripheral aromatic rings or conjugate units that can work as rotors. In a solved state the rotors 

will rotate/vibrate and use energy in non-emitting ways. In the solid state the molecules are aggregated 

and the rotating parts constrained leading to emission of light rather than non-radiative decay [14]. 

Possible next steps would be to either try other dyes with AIE tendencies in MLD or attach side chains 

that can work as rotors to the perylene core. An example of an AIE side chain is TPE, illustrated in 

Figure 5.2 b).  
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Through this project, we have significantly expanded the range in size of organic molecules for use as 

precursors for MLD growth. Prior to this work, the largest reported molecule was IR-806 with a 

molecular mass of 735.33 g/mol [26], while we now have demonstrated use of FA5 with molecular mass 

of 985.12 g/mol. It would be interesting to continue to map the sublimation temperatures of a range of 

even larger organic molecules and further explore how these are suited as MLD precursors. This would 

open for exploration of materials with other optical properties and a potential discovery of new dyes 

suited as organic sensitizers.  

The upconversion properties of the lanthanide-fluoride thin films were unfortunately not sufficiently 

studied due to the COVID-19 situation. The films do show luminescence when excited by electrons, but 

how the distances between the dopants effect the luminescent properties and whether they enable energy 

transfer that results in upconversion is yet to be explored. As YbF3 is easily made by MLD and the 

dopants Tm3+ and Nd3+ already have been confirmed present in the matrix, work could be done to 

optimize the upconversion properties of such films. A first step would be to finish the PL experiments 

that were planned in this project and if this should turn out unfruitful use other means such as methods 

with other excitation sources. One alternative would be to use CL for a more thorough study. If 

characterization should turn out to be challenging, similar samples of larger thicknesses should be 

synthesized by MLD and tested in the same way.  

The ultimate goal would be to eventually piece the different parts together to enable not only synthesis 

of organic sensitized upconversion thin films but also their use on solar cells/photocatalytic devices. To 

achieve this, a few of the steps mentioned above should be completed. A perylene, or a similar absorbing 

molecule, must be implemented into a fluoride matrix where energy transfer from dye to a lanthanide is 

possible. The absorption of the dye must be tuned to match that of the solar radiation to ensure that the 

light from the sun is actually exploited. The upconversion system in itself must also work. Finishing up 

this work would hopefully provide some of the missing pieces and get us closer to making a complete 

organic sensitized upconversion thin film.  
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Appendix  

I. Synthesis of PDI  

Table 17 provides an overview of the different amounts of reactants and solvents used in the various 

PDI syntheses as well as the obtained yields.  

Table 17. The amounts of reactants and solvents used in the PDI syntheses, and the obtained yields of PDI.  

Synthesis 

nr. 

PTCDA 

(g) 

Glycine 

(g) 

Imidazole 

(g) 

HCl 

(2M)(mL) 

Ethanol 

(mL) 

Yield (g) Yield 

(wt %) 

PDI1 0.0747 0.114 ~3 - - - - 

PDI2 0.286 0.438 3.630 60 20 - - 

PDI3 2.901 4.450 36.42 600 200 - - 

PDI4 2.86 4.39 36.34 600 200 4.13 57.0 

PDI5 2.86 4.38 36.30 600 200 3.80 52.5 
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II. Safe Job Analysis  

Table 18 lists all the precursors used in the MLD depositions and provides a safe job analysis for each 

precursor.  

Table 18. A safe job analysis of the various precursors used in MLD depositions.  

Chemical Potential hazard Precautions Recommended 

response if in contact 

with / inhale the 

specimen 

PTCDA No known hazards - - 

PDI No known hazards - - 

FA5 Can causes skin, eye 

and possibly 

respiratory irritation  

Use lab coat, goggles 

and gloves 

Wash skin after 

handling 

Work in a fume hood  

Rinse with water and 

soap 

Move to fresh air 

Contact medical 

personal if necessary 

or call a poison center  

Glycine No known hazards - - 

Ln(thd)3 Can causes skin and 

eye irritation 

Use lab coat, goggles 

and gloves 

Dispose of content in 

accordance with 

regulations  

Do not inhale   

Rinse with water if in 

contact with eyes or 

skin  

Move to fresh air 

 

NH4F Can cause severe skin 

and eye damage 

Potentially poisonous 

Corrosive  

Use lab coat, goggles 

and gloves 

Do not inhale, work in 

a fume hood 

 

Rinse with water if in 

contact with eyes or 

skin  

Move to fresh air 

Contact medical 

personal if necessary 

or call a poison center  

Imidazole Can causes skin and 

eye irritation 

Corrosive  

Potential hazardous to 

the unborn child 

Use lab coat, goggles 

and gloves 

Do not inhale, work in 

the fume hood  

Rinse with water 

Contact medical 

personal if necessary  

TMA Gas under pressure, 

explosion danger when 

heated 

Can causes skin and 

eye irritation 

Hazardous when 

inhaled, may cause 

respiratory irritation  

 

Keep container closed, 

away from heat 

Use lab coat, goggles 

and gloves 

Handle in glovebox  

 

In case of fire; use dry 

sand or dry chemical 

foam 

Rinse with water if in 

contact with eyes or 

skin  

Move to fresh air 

Contact medical 

personal if necessary 

or call a poison center 
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III. List of all Deposited Thin Films 

A complete list of all deposited thin films are given in Table 19.  

Table 19. Overview of all thin films deposited in the project. 

Sample Number Precursors Linker Film Comments 

SHS4036 PTCDA - No film No observed self-

growth 

SHS4001abc, 

SHS4004 

PTCDA, Tb(thd)3 Glycine Transparent Only Tb sublimates, 

too low temperature for 

PTCDA 

Glycine is burnt  

SHS4009 PTCDA, Eu(thd)3 - Weak pink Obtain film without 

linker 

SHS4016 

 

SHS4035 

PTCDA, Y(thd)3 - Transparent 

 

Weak Pink 

More film at the back 

of the reaction chamber 

than at the front 

Detect Y with XPS 

SHS4039 PTCDA, Y(thd)3 H2O Brown Absorbs, not sure what 

type of carbon 

structures are in the 

film 

SHS4038 PTCDA, H2O - No film  

SHS4041 PTCDA, TMA - Weak purple Only film in the middle 

of the glass substrate 

SHS4007 

SHS4013 

PDI3 - Pink Self-growth  

SHS4005, 

SHS4005b, 

SHS4008, 

SHS4010, 

SHS4011, 

SHS4012 

 

PDI3, Eu(thd)3 - Pink Red film, detect Eu 

with XPS 

 

Testing reuse of 

precursor 

 

Exploring temperature 

profiles 

SHS4006 PDI3, Y(thd)3 - Pink Uneven film   

SHS4015 PDI4, Y(thd)3 - Weak pink More film at the back 

of the reaction chamber 

than at the front 

SHS3001 PDI4, Eu(thd)3 - Pink Differ from films with 

PDI3 

SHS4118 FA5 - No film No observed self-

growth  

SHS4120 FA5, Y(thd)3 - Blue Film growth without 

linker  

SHS4067- 

SHS4073 

FA5, Y(thd)3 One glycine Purple Exploring temperature 

profiles  

SHS4079- 

SHS4085, 

SHS4093- 

SHS4095,  

SHS4119, 

FA5, Y(thd)3 Two 

glycines 

Purple Making films of 

various thicknesses, 
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SHS4121 Testing reuse of 

precursor  

SHS4037 Y(thd)3, O3 - Transparent  

SHS4078 a,b,c NH4F (Yb, Nd, Tm)  No film CVD-tests 

SHS4074, 

SHS4075 

SHS4101- 

SHS4104, 

SHS4106 

NH4F, Yb(thd)3 - Transparent Exploring temperature 

profiles and finding the 

optimal positions of the 

precursor boats  

SHS4076 

SHS4105 

SHS4115 

NH4F, Tm(thd)3 - Transparent  

SHS4077 

SHS4116 

NH4F, Nd(thd)3 - Transparent  

SHS4086, 

SHS4087,  

SHS4091, 

SHS4092, 

SHS4096  

NH4F, Y(thd)3 - Transparent Exploring temperature 

profiles and finding the 

optimal positions of the 

precursor boats, 

CVD-test 

SHS4107- 

SHS4114 

SHS4117 

NH4F, Yb(thd)3, 

Nd(thd)3,  Tm(thd)3 

 Transparent Varying the distance 

between Nd and Tm 

SHS4088- 

SHS4090, 

SHS4097- 

SHS4100 

 

FA5, NH4F, Y(thd)3 Glycine Transparent Implementing FA5 into 

an YF3 matrix  

SHS4017- 

SHS4034, 

SHS4040, 

SHS4042-

SHS4066 

Test runs -  mostly  

Tb(thd)3 + H2bdc3 

and 

TMA + H2O 

  Reactor trouble 

 


