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Abstract 

 

Covalent organic frameworks (COFs) are a relatively new class of materials. Although several strategies 

for the synthesis of COF thin films exist, efficient, and direct synthesis routes are always highly 

desirable. The idea behind this project was to grow thin films of COF structures such as COF-1 and 

COF-5 using an all-gas technique known as molecular layer deposition (MLD). Since this is an all-gas-

phase technique, it is important that all the reactants can be brought into the gas phase as easy as 

possible. The building block of COF-1 and COF-5 structures is benzene-1,4-diboronic acid (BDBA) and 

has a sublimation temperature of about 150 °C based on the results of the thermogravimetric analysis 

(TGA) and the precursor tester. The compound also shows tendencies to polymerize or decompose if 

used at higher temperatures, which is not ideal for an MLD process. The growth of COF-1 and COF-5 

was studied through test depositions, quartz crystal microbalance (QCM) response experiments, and x-

ray photoelectron spectroscopy (XPS), but it was not possible to achieve growth for neither of the two 

structures.  

 

When BDBA was combined with trimethylaluminum (TMA) and titanium(IV)chloride (TiCl4) to 

produce hybrid films, the growth rates showed to be temperature dependent. When using TMA, we 

observed a decreasing trend from 1.6 Å/cycle at 180 °C to 0.6 Å/cycle at 340 °C and when using TiCl4 

from 1.2 Å/cycle at 230 °C to 0.6 Å/cycle at 300 °C. Even though it was not possible to precisely 

determine the growth mechanism of these two hybrid systems, the presence of boron in the films was 

confirmed by XPS and the presence of aromatic rings based of the results from the transmission 

spectroscopy in the UV and visible range (UV-Vis), and transmission and reflection spectrometry in the 

infrared range. These amorphous films were observed to have relatively smooth surfaces evidenced by 

the topography study via Atomic Force Microscopy (AFM) and density values obtained through x-ray 

reflectometry (XRR), being different from the density values of Al2O3 and TiO2 films deposited at the 

same temperatures as the hybrid films.  

 

Additionally, 1,2,3,4,5,6-Benzenehexol (BH) was combined with TMA to investigate another material 

system with MLD. Result of the QCM experiments performed to investigate the most optimal pulse and 

purge parameters showed self-limiting growth for TMA, but when it comes to BH, not even 70s seconds 

were enough to saturate the surface of a QCM unit at 200 °C. The analysis by Fourier transform infrared 

(FTIR) showed clear differences in stretching vibrations (in both transmission and reflection mode) of 

the hybrid TMA and BH and Al2O3 films deposited at 200 °C. The UV-Vis measurement of the hybrid 

film in transmission mode showed peaks at around 230 nm and a form of a shoulder at about 280 nm 

proving aromaticity of the film, and we also observed that they absorb light at about 420 nm, a feature 

different from the oxide film deposited at the same temperature. 
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1 Introduction 

 

Materials occupy an important place in our societies, contributing to our everyday lives, from small 

atomic-scale structures in our computers to constructions of hundreds of meters high. The material 

science research is focused on using different techniques to get to know the internal structure and 

characteristics of these materials, to ensure the right material is put to the right place. If we make an 

effort of assessing next-generation technologies and challenges, it becomes evident that one of many 

technological solutions depend on the development of new materials with properties superior from 

today's materials. Structuring materials down to the nanoscale in the form of thin films enables such 

superiority, giving rise to materials with either specific electrical, optical or magnetic properties or 

materials with particular structural features such as porosity. 

 

However, for these materials to indeed affect most practical applications, they have to become 

available in large quantities and at an affordable price. Whether these materials will improve the 

quality of our lives depends on the development of synthesis methods that can integrate atomic-level 

precision with production routes that are relevant for an industrial scale. The current project is about 

exploring the possibilities of the molecular layer deposition (MLD) technique to fabricate coatings that 

belong to the family of coordination polymer materials. MLD is a synthesis method that can be scaled 

to an industrial level and allows molecular level control of the amount of synthesized material through 

alternating self-limiting gas-to-surface reactions. A more detailed description of MLD will be given in 

Chapter 3. The following chapter will introduce the reader to the historical and theoretical context 

relevant to this thesis.  

 

 Historical and theoretical background 

 

1.1.1 Thin films 

 

A material generally consists of a bulk and a surface. The properties of the bulk might be more 

imminent due to size, but it is the surface that interacts with the surrounding. Changing the surface of a 

material by applying a thin film with thickness ranging from 1 to 1000 nm (or more) gives rise to 

entirely new chemical and physical phenomena. One of the most apparent phenomena are the optical 

properties of thin films. An example of this is the interference pattern generated from thin films, 

documented already by the end of the 1600s by Robert Boyle and Robert Hooke[1]. Some examples of 

thin films are displayed in Figure 1. The theory behind these discoveries was not proven until Thomas 

Young conducted his famous slit experiment that ultimately determined that light interferes just like 

water waves[2].  
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Figure 1: a) The soap bubble is showing different colors. It consists of a thin soap water film enclosed by two soap films. 

Light is reflected from both soap films in the same direction. The thickness of the layer of water determines which 

wavelength of light results from the interference[3]. b) An image of a camera lens, the lenses are covered with anti-reflective 

coatings, which are thin films[4]. 

 

The first breakthrough concerning applications of thin films was made by Justus von Liebig in 1835, 

providing us with today’s production route of mirrors[5]. More recently, the development of the 

production processes of thin films was tightly bonded to the simultaneous development of vacuum 

technology. Being able to acquire lower vacuum by the end of the 1920s and avoid oxidation of 

materials by exposure to air, enabled the development of several techniques for deposition of thin 

films[6]. One of them is Physical Vapor Deposition (PVD), in which the material evaporates before it 

condenses onto a substrate[7] and Chemical Vapor Deposition (CVD), where one or more types of 

reactants react above a substrate[8]. In this thesis, the focus is on the MLD technique, which is a 

particular case of CVD. 

 

1.1.2 Molecular Layer Deposition 

 

Atomic Layer Deposition (ALD) is a technique that has been known for over fifty years[9]. The 

principle behind ALD is based on pulsing gas-phase precursors onto a substrate to achieve self-

limiting reactions that form a monolayer on the surface of that substrate. The precursors are pulsed in 

an alternating manner, separated by a purge step. The whole process is repeated cyclically as many 

times as required, and the film is produced one atomic layer at a time. ALD research began around the 

1960s and 1970s in the Former USSR and Finland. In the former USSR, the technique based on the 

gas-phase chemical assembly of solids was initially called Molecular Layering (ML) and was 

developed by Prof. V.B. Aleskovskii and his Ph.D. student at the time, S.I.Koltsov[10]. Around the 

same time and independent of each other’s work, Tuomo Suntala and his scientific group developed 

Atomic Layer Epitaxy (ALE) technique. Their goal was to produce flat screens of thin 

electroluminescent films, which at that time was a success, as the technique provided pinhole films 

with low thickness gradients[9].  
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The name ALE eventually changed to ALD to mark that a deposition process is not dependent on an 

epitaxial growth. At present, ALD is one of the most important techniques for the synthesis of 

nanomaterials for electronics. Later on, the MLD technique was developed, with the only difference 

being that ALD serves exclusively for deposition of inorganic materials, while the MLD uses one or 

more organic molecules as precursors. Yoshimura et al.[11] coined the term MLD in 1991 in an article 

that showed that the self-limiting growth of organic polyimide films occurs when using precursors 

based on diamines and dicarboxylic acids. Since then, MLD was used to produce other polymer 

materials such as polyamides and many others. The repertoire became even more extended by 

realizing that metal-organic precursors could be used together with organic molecules[12-14]. These 

deposition processes generated an entirely new family of materials, namely hybrid organic-inorganic 

thin films, where the desired material property include well-defined pores.  

 

1.1.3 Porous materials  

 

Development of porous materials started already with nature herself, which has for billions of years 

produced materials with permanent porosity. Some of the examples of such materials include skeleton 

structures of the simplest one-celled organisms, while others include wood, cork, and zeolites. Porous 

materials are generally characterized in terms of their pore sizes. The following IUPAC conventions 

are established for classifying pore diameter ranges: Microporous (> 2 nm), mesoporous (< 2 nm and 

> 50 nm), and macroporous (< 50 nm)[15].   

One of the most prominent examples of naturally occurring porous materials is zeolites. These 

aluminosilicates offer high degrees of structural and compositional diversity, as well as a broad range 

of chemical and physical properties[16]. One example of a zeolite structure is the Zeolite Socony Mobil 

(ZSM) structure that has been extensively studied and applied in many domestic and industrial areas. 

The versatile applications of, for instance, ZSM-5 structure in catalysis, petrochemistry, detergent 

technology, but also as molecular sieves have excelled their importance[17].  

 

However, some limitations, such as their pore size and their rigidity inspired scientists to develop new 

types of synthetic porous materials just within the past two decades[18]. These include the metal-

organic framework (MOF) and covalent organic framework (COF) structures, which have 

demonstrated various porous topologies and other remarkable properties. The defining features of 

these materials are their coordinative and strong covalent bonding combined with a continuous lattice 

arrangement. As such, these materials tend to be extremely durable, chemically, and thermally stable, 

while also providing various technologically important applications[19]. Additional theoretical and 

historical background on MOF and COF materials is given in the following chapters. When it comes 

to porous thin films materials, several technological areas are centered on porosity because it 

represents the critical parameter that drives the efficiency and suitability of the thin films for the 
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specific application. In catalysis, porosity determines the number of active sites available for the 

reactants, meaning that the catalytic activity is a function of pore sizes. The operating characteristics 

of sensors are also affected by porosity. From these examples and many others, we can see that porous 

thin films are of high scientific and technological interest due to their ability to either interact with or 

selectively exclude, different species like ions, atoms, and molecules (both in the solution and in the 

gas phase).  

 

1.1.4 Metal-organic frameworks 

 

MOFs are hybrid materials composed of inorganic metal ions or clusters and organic linkers. One of 

the earliest reports of MOF-like structures came from the 1989 publication by Hoskins and Bernard[20] 

where they express the thought of possible joining of tetrahedral and octahedral metal cores through 

organic bridging joints to generate well-ordered cavities. Their research gave a basis for believing that 

the acquired MOF-like materials “may show interesting molecular sieve or ion exchange properties, 

have unusual mechanical and electrical properties, but also may provide tailor-made materials for 

heterogeneous catalysis.” At that time, the structures we now refer to as MOF’s were called 

coordination polymers.  

 

In another article by Shah et al.[21], MOF’s were also defined as coordination polymers, where organic 

linkers act as Lewis bases donating two electrons to the metallic tetrahedra, or Lewis acids, forming 

covalent coordination bonds. What is interesting about MOF’s is their permanent porosity and 

impressively high surface areas. Further interest in MOFs arose based on the possibility of exchanging 

metallic constituents - also known as secondary building units (SBU), or the organic linkers, thus 

being able to create entirely new MOF materials that can be tailored to meet the needs of a given 

application. These SBU’s are used as simplifications, making it easier to classify MOFs (Figure 2).  

 

 
Figure 2: An overview of general MOF structure composed of inorganic SBU and organic linkers. 
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The MOF materials truly gained attention with the publication of an article on MOF-5 (Figure 3a) 

structure by Yaghi et al.[22] in 1999. They showed a stable MOF structure after the removal of the 

solvent, which was previously only proved to be the case for zeolites. Since then, through the 

substitution of the organic linkers but also SBUs, the field has expanded to countless different 

conformations of MOF materials and now encompasses more than 60000 different structures[23]. Some 

of these structures are HKUST-1 developed at Hong Kong University for Science and Technology 

(HKUST), ZIF-8 (ZIF- Zeolitic imidazolate framework) and UiO-66 developed at the University of 

Oslo (UiO), shown respectively in Figure 3b) – d).  

 

 
Figure 3: The overview of the first stable MOF structure a) MOF-5 composed of Zn4O ions and 1,4-benzene dicarboxylic 

acid linkers b) ZIF-8 composed of Zn atom bound to four imidazolate rings c) HKUST-1 made of copper hydroxide and 

1,3,5-benzenetricarboxylic acid and d) UiO-66 composed of ZrCl4 and terephthalic acid. The structures were made based on 

CIF-files from Lock et al.[24], Karagiaridi et al.[25], Yakovenko et al.[26], and Øien et al.[27], respectively.  

 

1.1.4.1 Thin films of metal-organic frameworks 

 

In the first review article on the topic of MOF thin films, Zacher et al. discuss that one of the 

challenges in MOF research is growing MOF thin films on substrates, ideally in a dense, 

homogeneous and oriented fashion[28]. The interest in MOF thin films has mainly been initiated due to 

the increasing demand in adjusting the optical, electrical, or mechanical properties of surfaces and 

interfaces[29]. Since then, different methods were developed, and solvo- or hydrothermal methods are 

the most prominent ones[30]. In these methods, reactions are carried out in solvents (such as water) at 
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high temperatures in closed vessels using templating agents[31-33]. There are now other interesting 

methods documented as alternatives striving to correct for long reaction times, high temperatures, and 

reactant concentrations. These include layer-by-layer growth[34], electrochemical[35], sol-gel growth[36], 

spray coating[37] and now even MLD growth[38, 39]. In the layer-by-layer growth developed by the 

scientific groups led by Woll and Fischer, a sample is sequentially added into three solutions: a 

solution containing a metal salt, a washing solution to remove excess metal precursor and a solution 

containing the organic linker.  

 

The first example of the electrochemical growth of MOF thin films was the synthesis of HKUST-1 

(Figure 3c) reported by researchers at BASF[40]. Here, the metal source serves as an electrode and is 

placed in a solution containing both linker and an electrolyte. When a specific voltage is applied, the 

metal dissolves and releases ions that are located near the surface of the electrode. These ions react 

with the linkers so that a MOF structure is built as a result. The microwave-induced method is a 

method where MOF nanocrystals are grown on carbon-coated porous Al2O3 surfaces. In the report by 

Yoo et al., this rapid synthesis route of producing MOF- 5 thin films (Figure 3a) gives nearly full 

surface coverage.  

 

The advantage of all of these and many other solvent-based synthesis routes is their simplicity. 

However, the drawbacks of using solvents often involve surface-tension related issues like incomplete 

wetting or even deformation (or contamination) of the substrate where the films are formed[41]. This is 

not desirable for future implementation of MOF structures in, for instance, electronic devices. That is 

why the recently developed all-gas phase methods of synthesizing MOFs have gained attention.  The 

vapor phase routes allow precise control of the thickness of the obtained films, selection of properties, 

while also providing an overall better film quality. 

 

The first attempt at MLD growth of MOF films was reported in 2013 by Salmi et al.[42]. These films 

were deposited by MLD at 250 °C using zinc acetate and 1,4-benzenedicarboxylic acid (BDC) as 

precursors. The as-deposited films were amorphous and non-porous but could be crystallized by 

exposure to humidity and an autoclave treatment in DMF. After this, the MOF-5 crystalline structure 

was identified by XRD, and the presence of micropores was found by ellipsometry. Unfortunately, 

film homogeneity was lost during the autoclave treatment as a result of dissolution and other issues 

due to the high mobility of the intermediates in the solvent. This article nevertheless showed that 

autoclave treatments for crystallization of amorphous films could be used as a strategy for MOF all-

gas phase depositions.  
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In another article in 2016, copper-2,2,6,6-tetramethyl-3,5-heptanedionate and BDC were used as 

precursors for MLD growth of a Cu-based MOF structure[43]. Here, a narrow MLD temperature 

window was observed – from 180 to 190 °C. It was also investigated if crystalline films of this MOF 

structure could be obtained. Similarly, thin films of stable UiO-66 MOFs (Figure 3d) were synthesized 

using MLD and published in an article by Lausund and Nilsen[38]. Alternating reactions of ZrCl4 and 

BDC produced amorphous hybrid film structures that were subsequently crystallized to the UiO-66 

structure using an autoclave treatment with acetic acid. A follow-up article demonstrates thin film 

deposition of functionalized UiO-66 using amino-functionalized linkers that gave rise to a more 

straightforward crystallization process[39].  

 

MOF or hybrid thin films based on boron or boronic acids have not previously been mentioned in the 

scientific community. However, a DFT investigation was done by Gao et al.[44] predicts boron aryls 

being linked together by isocyanides forming structures they referred to as Boronic Organic 

Frameworks (BOFs). In these structures, the boron acts as a metal center forming bonds with the 

cyanide linkers. Even though it is just a prediction, the unusual bonding in BOFs gives rise to exciting 

semimetal and narrow band-gap features that are unique for MOF’s and COF’s.   

 

Before crystalline MOF thin films were realized by MLD, the technique was used to create hybrid thin 

films or so-called metalcones. The way these structures are constructed is that the organic part is 

usually alcohol combined with an inorganic component[45]. The procedure was introduced by Nilsen[46] 

in 2003, and many structures have since then been made. It has been reported on the use of carboxylic 

acids, alcohols, and amines in combination with metal-organic compounds such as trimethylaluminum 

(TMA) and diethyl zinc (DEZ), but also metal-halides such as titanium(IV)chloride (TiCl4).  

 

Klepper et al.[47] have used various amino acids and carboxylic acids as a functional group in 

combination with TMA. The films were grown in the temperature range of 200–350 °C and have 

shown growth rates as high as 20 Å per cycle. Growth using a range of other organic linkers, such as 

hydroquinone (benzene-1,4-diol), has also been documented, resulting in the films growth rate of 

3.5 Å per cycle between 150 and 400 °C[13]. Similar depositions were done with linkers having three  

–OH groups instead of two (phloroglucinol)[12], while the use of a benzene ring with six –OH groups 

as in 1,2,3,4,5,6-benzenehexol (BH) has not been reported used before in MLD reactions. However, 

BH has been used as a linker to make a conductive copper-based MOF structure[48]. In this article by 

Park et al., hydrothermal synthesis route yields a 2D MOF with a bandgap of about 1 eV and a 

temperature dependent conductivity.  
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1.1.5 Covalent organic frameworks 

 

COF structures have entered the scientific scene in the last ten year. Unlike MOFs, they do not contain 

metal ions and consist entirely of light elements such as carbon, boron, and oxygen and are held 

together by strong covalent bonds. The modular nature of these materials allows the integration of 

different molecules with π-systems into highly ordered polymers with very low densities and high 

thermal stabilities. These polymers extend periodically in 2D or 3D depending on the shape of the 

monomer. The building principle is best illustrated in Figure 4, where the extended structures are 

comprised of linkers (building units) and linkages[49]. 

 

 
Figure 4: An overview of 2D square lattice based on square planar and linear monomers and a 3D net structure based on 

tetrahedral and linear monomers. Both based on two main components: linkages and linkers.  

 

The fundamental concept of making COF structures came initially from the 1916 paper by Gilbert N. 

Lewis. The idea of covalently bonding atoms to form molecules has been the cornerstone for all of 

organic chemistry and has been used to make very complex molecules. The organic chemistry was for 

a long time limited to a zero-dimensionality, but the obstacles were overcome by the first 

documentation of 2D COF in 2005 by Cote and Yaghi[50].  

Their paper presented the synthesis of highly robust and thermally stable and porous COF-1 and  

COF-5 based on dehydration reactions between  benzene-1,4-diboronic acid (BDBA) and 

2,3,6,7,10,11-hexahydroxytriphenylene (HHTP). The structures are presented in Figure 5. The 

condensation of the BDBA first gives rise to a planar six-membered ring of boroxine (B3O3) and the 

elimination of three water molecules to obtain COF-1 while BDBA is copolymerized with HHTP to 

produce a boronated ester structure and COF-5.  
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Figure 5: Reaction schemes for the self-condensation reaction forming a boroxine ring and the COF-1 structure (a) and the 

co-condensation reaction with vicinal diols in HHTP forming a boronated ester and the COF-5 structure (b).  

 

1.1.5.1 Thin films of covalent organic frameworks 

 

The interest in 2D-COF thin films has arisen because of the stability of covalent bonds, the diversity of 

available monomers and the exciting properties of COFs, such as their porosity, that exceeds even 

zeolites[51]. There are now several ways to grow films of these structures. Just as mentioned for 

MOF’s, quite many of these are based on solvo- or hydrothermal routes. In all of the cases, the 

mixture of different building blocks is heated for several days, after which the solid is extracted, 

washed with specific organic solvents and finally dried using a flow of N2.  

 

Formation of COF-1 and COF-5 thin films, for example, was reported already on substrates such as 

single-layered graphene[52] and metal oxide surfaces such as indium doped tin oxide[53]. In both cases, 

the fabricated films were mentioned as promising in the field of electrocatalysis and as potential parts 

of energy storage devices. Smith et al.[54] invented another similar method, reporting on freestanding 

porous COF-5 films after a solvent cast modulation of the colloidal COF-5 particles.  
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According to their findings, the obtained films may be excellent in protein immobilization and 

therefore suitable for use in bio sensing or catalysis. However, these methods do not give possibilities 

of effective control of the thickness or homogeneous coverage of the films. Wanting to solve this 

problem, an article by Evans et al.[55] reports on using a seeded growth method, where COF-5 films are 

grown by slowly adding BDBA and HHTP to preformed nanoparticle seeds. More recently, thin films 

of 2D COF were grown using interfacial methods[56]. Feldblyum et al.[57] attempted to synthesize  

COF-5 (among others) at a liquid/air interface, which was believed to be an excellent interface for 

control of COF nucleation and thickness. In the experiment that took over several days, the acquired 

films showed too high roughness for integration into devices.  

 

On the other hand, solvent-free methods were developed, such as the one reported by Spitzer et al.[58] 

where monolayers of COF-1 were synthesized in a condensation reaction of boronic acids. The acids 

were deposited in an all gas-phase process, while water is used for equilibrium corrections. A similar 

approach was published by Zonneveld et al.[59], where both COF-1 and COF-5 were thermally 

sublimated onto clear surfaces of Ag (111) in ultra-high vacuum. The sublimation temperature range 

was reported to be between 90 and 200 °C.  

Considering the thermal instability of monomers that may be sensitive to the harsh conditions used in 

solvent-based methods, Bein et al.[60] proposed a room temperature vapor-assisted conversion 

synthesis. COF-5 films were made to verify this strategy, a mixture of BDBA and HHTP, dry acetone 

and ethanol were first filtered through a syringe filter after ultra-sonication. Then, the obtained mixture 

of BDBA and HHTP was drop-casted on a glass substrate, followed by putting the substrate in a 

desiccator together with a small glass vessel loaded with mesitylene and dioxane. In their work, it was 

reported that the control of the thickness might be achieved by tailoring the volume of the droplets and 

the concentration. This method allows the construction of COF thin films with fragile precursors and 

on sensitive substrates, and may therefore leads to a broader range of applications.  

 

In contrast to the conventional growth procedure, Dichtel et al.[61] synthesized a COF thin film with a 

much smoother and denser surface under continuous flow conditions. Considering the poor control 

over the polymerization in the previous method, they modified the growth of the 2D COF thin films 

using a flow cell, which enabled the formation of the COF. To synthesize COF-5 in a flow cell, the 

monomers BDBA and HHTP were first reacted slowly at 25 °C, and then COF-5 formed after 2 min 

of induction period when the temperature rose to 90 °C. There are different techniques for growing 

thin films of 2D COF materials, however, the MLD technique is never mentioned in the literature.  
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 Motivation 

 

The focus of this master project is to attempt to synthesize 2D COF thin film using boronic acid 

precursors by MLD. If successful, it would be the first example where such growth is demonstrated 

using this technique. Similar porous framework thin films have already been synthesized successfully 

in our research group[38, 39], so the motivation is to continue to extend the repertoire of what we can 

make with the MLD technique. Additionally, the intention is to expand the repertoire even further by 

using BH as a precursor to synthesize hybrid films. None of these precursors were previously used 

concerning the MLD, so, at first, the general focus of the project is the synthesis process and control of 

the growth mechanisms, in addition to the characterization of properties of the synthesized films. It is 

motivating to see that article by Pawlak et al.[62], reports on BDBA sublimating in vacuum at around 

130 °C, which we believe is a good starting point for the MLD technique with this compound. 

 

The same arrangement of -OH groups as in COF structures are also present in glucose, and the well-

known reversible interaction between boronic acids and 1,2-diols or 1,3-diols has led to the 

development of boronic acid-based saccharides sensors[63, 64]. If making COF thin films with MLD is 

successful, it would also mean that making a single layer of boronic acid would be possible to do with 

this technique. This could be beneficial in developing tools that can quickly and with a precision 

monitor incurable conditions such as diabetes[65] but also produced at a low cost. When it comes to 

COF materials, the primary focus has been to characterize COF films more efficiently, but also to 

understand mechanisms and optimal crystallization conditions. Another focus has been on developing 

routes to integrate COFs into devices (glucose sensors) but also making freestanding films.  
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2 Theory and methods 

 

This chapter presents the theory behind the experimental techniques used in this thesis. Synthesis and 

control of the growth mechanisms of the thin films are the essential parts of this work, so a more 

thorough description of the deposition technique is given. Additionally, various characterization 

methods that are used in this thesis will also be described.  

 

 Molecular Layer Deposition 

 

ALD is a vapor phase thin film deposition technique based on alternating self-limiting gas-to-surface 

reactions[66]. This approach enables good control over the thickness of the films as well as their 

stoichiometry[67]. A minimum of two reactants, called precursors, are required for a typical ALD 

deposition. An excellent example of a deposition is the synthesis of aluminum oxide using 

trimethylaluminum (TMA, Al(CH3)3) and water[9]. However, instead of using water, ethylene glycol 

(EG, C2H6O2), which contains two hydroxyl groups, may be used to produce aluminum alkoxide or 

alucone. This is an example of MLD growth, based on the same principles as ALD but differing from 

regular ALD in that it has an organic molecule as one of the precursors[68]. In both examples, the 

method is divided into multiple steps that altogether constitute one cycle. Figure 6 shows an MLD 

cycle with two precursors illustrated stepwise from 1) to 4). 

 

1) TMA enters the reaction chamber, initiating a gas-to-surface reaction with the substrate, while 

the byproduct CH4 is formed. The first step ends when the surface of the substrate is saturated, and 

there is no room for additional TMA molecules.  

 

2) The reaction chamber is then purged typically with an inert gas like N2, removing the excess of 

the physically adsorbed or unreacted precursor as well as byproducts, so that, after step 2, the 

process ends with a chemically bonded monolayer. 

 

3) Pulsing of EG, the second precursor, so that it reacts with the new surface, done until this new 

surface is saturated. EG reacts with TMA and produces CH4 at the same time as the remaining 

hydroxyl groups bind to the remaining alumina atoms.  

 

4) The cycle is completed by the fourth step, where another purge removes the excess of the 

second precursor and byproducts. Usually, excess EG and CH4 are evacuated with the same inert 

gas. In this way, a layer of alucone is produced on the surface of the substrate.  
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Figure 6: A simplified illustration of one cycle of an MLD of aluminum alkoxide using sequential pulsing of TMA and EG 

separated by an inert gas that is purging. After one cycle is over, the starting -OH terminated group is recreated, which allows 

for a repetition of another cycle to build up a thin film with a near monolayer precision. Under controlled pulsing and 

purging, the self-saturated reactions allow the MLD film to be formed with very high conformity. 

 

2.1.1 Parameters affecting growth rate 

 

The growth rate of deposited thin films such as the one described above is quantified by the amount of 

film deposited with each cycle[69].  The variations in growth rates can give information about the 

reactivity of the precursor and the conditions that lead to optimal growth. The three main parameters 

that affect the growth rate most are the pulse and purge lengths and the temperature at which the 

reactions occur. Both the precursors pulsing and purging lengths should be sufficiently long to ensure 

feasible self-limiting growth[70]. 

 

Figure 7a) presents thickness per cycle growth rate as a function of pulse lengths, where the saturation 

point is located where additional pulsing of the precursor does not result in more growth[71]. This 

saturation can occur either fast or slow (represented by the solid black curves). An indication of 

possible decomposition of the precursor would be if the saturation point is not reached, and the growth 

rate increases because of too high temperature (dotted black curve). However, a lower growth rate is 

usually an indicator that the precursor molecules are starting to etch the molecules that have already 

bonded to the surface of the substrate (dashed black curve)[72, 73]. 
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Figure 7: a) Different growth rates as a function of pulse lengths where the saturation is fast and slow (solid black curves), 

saturation followed by decomposition of the precursor (dotted black curve) and saturation followed by etching (dashed black 

curve). b) Schematic depiction of ALD (or MLD) window. Outside the window, condensation and decomposition of 

precursor lead to increase, while incomplete reaction and desorption or loss of surface species lead to a decrease in growth 

per cycle. 

 

Purge times, on the other hand, should not be too short because it could result in insufficient removal 

of the excess precursor molecules[73]. Unwanted reactions can occur in the gas phase, creating a CVD-

type growth. Large thickness gradients and an increased growth rate are usually good indicators of 

such reactions. Very long purge lengths, on the other hand, may provoke the inert gas to evacuate the 

chemisorbed precursor molecules from the film, resulting in a much lower growth rate[74]. The effect 

of temperature on the growth per cycle value is described by a concept is known as the ALD (or 

MLD) window, where thin-film growth proceeds in a self-limiting manner. It is represented by a 

dotted red line in Figure 7b). This is the most optimal temperature interval, where precursors do not 

condensate in the reaction chamber (due to low temperature), where there are no kinetic and bond 

decomposition or desorption of the precursors.  

 

Outside of the window, the growth can be either lower or higher[9, 71]. At lower temperatures, the 

precursors or the generated by-products from the previous pulse may condensate (or absorb to the 

surface) leading to a CVD type growth[73] or the surface reactions do not have enough thermal energy 

to reach completion leading to a lower growth rate. On the other hand, at higher temperatures, the 

precursors may decompose and provoke additional adsorption[75]. The functional groups on the surface 

of the substrate may also desorb at higher temperatures being lost from further reactions[76]. A 

deposition cycle may not always lead to a complete monolayer of the deposited material. The reason 

for this is that precursor molecules of a certain size can block some of the reactive sites on the surface 

of the substrate. This is called steric hindrance and is dependent on the density of these reactive sites 

and the flexibility and size of the precursors[77]. 
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 Precursors  

 

A central part of the development of new materials is to investigate and find precursors that can be 

used in MLD. Precursors can be elementary, inorganic, organic, organometallic, but at the same time, 

either gases, liquids, or solids[7, 73]. Vapor pressure, for example, becomes extremely important as a 

property of controlling the saturation of surfaces in the shortest possible time[78]. Solid precursors 

usually have lower vapor pressures than the liquids. Smaller molecules are often more volatile than 

larger ones. Monomers are more volatile than dimers, while polymers are not volatile at all. Puurunen 

et al.[69] list the following precursor properties as a must requirement: 

 

 Sufficient volatility 

 Aggressive and complete reactions 

 Thermal stability (in other words no self-decomposition) 

 No etching of the film or substrate 

 No dissolution into the substrate 

 Necessary purity of the compound 

 

2.2.1 Precursor tester 

 

To test some of the properties of potential precursors, a unit for characterizing the thermal properties 

of precursors has been developed at the Department of Chemistry. This setup is based on the use of a 

thermocouple, and a quartz crystal microbalance (QCM) (Chapter 3.4) that combined gives the 

possibility of characterizing the temperature interval where the chosen chemical sublimates or 

decomposes. A QCM unit is set directly above or to the side of the sample holder to detect the increase 

in mass due to condensation of the sublimed precursor. The temperature of the sample holder increases 

following a pre-determined profile, and it is registered as a function of time. The setup is illustrated in 

Figure 8, while the whole process is typically monitored with a time-lapse camera.  

 

 
Figure 8: A schematic setup of the homemade precursor tester. The chosen precursor is placed in the alumina-based sample 

holder. The temperature is monitored using the thermocouple connected to the sample holder. A QCM unit is set directly 

above or to the side of the sample holder to detect an increase in mass due to condensation of the sublimated precursor.  
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2.2.2 Thermogravimetric analysis 

 

Thermogravimetric analysis (TGA) is a similar technique in which the mass of a sample is monitored 

as a function of temperature (or time) as the sample is subjected to a controlled temperature profile in 

a controlled atmosphere. It consists of a small sample holder that is supported by a balance 

mechanism. The sample holder is residing in a furnace while heated or cooled during the experiment. 

The samples mass is monitored while a purge gas controls the sample environment. This carrier gas is 

usually an inert gas, like N2 or Ar. This is displayed in Figure 9. 

 

 
Figure 9: A schematic illustration of the thermogravimetric instrument and setup where the continuous weighing of the 

sample is possible as a function of temperature in an inert gas environment. 

 

Being able to quantify the mass loss concerning time and temperature, one can deduce if the chosen 

sample sublimates or decomposes and to estimate the minimum temperature where it can be used as a 

precursor for MLD. The samples should be homogenous powders that are distributed equally in the 

sample holder, typically made of Al2O3, Al, Pt, or SiO2
[79, 80]. It is important that these do not react 

with the sample, that they tolerate the maximum temperature of the temperature profile, but also the 

atmosphere of the analysis[81]. The maximum and minimum heating and cooling protocols can vary 

between different instruments, but it is dependent on what the aim of the analysis is. For instance, 

when testing sublimation temperatures for a substance, it may be desirable to have a heating rate of 

1 °C/min (1-20 °C/min is typical) and the end temperature of 300 °C, similar as in the precursor tester.  

 

 Characterization of thin films 

 

2.3.1 In-situ quartz crystal microbalance 

 

An interesting property of piezoelectric materials such as quartz is that they can generate electrical 

voltage upon mechanical stress. Based on this, the piezoelectric materials can either shrink or expand, 

depending on the alternating electrical field applied to them[82]. Whenever mass is deposited on such 

crystal (like inside an ALD reactor), the frequency of the crystal changes.  
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This property can be used to analyze film growth and reaction properties. Figure 10 is an illustration of 

a QCM unit[83]. 

 

 
Figure 10: A piezoelectric QCM-unit with gold electrodes. a) Seen from above b) from the side, with applied voltage. The 

voltage leads to a deformation of the Sears modulus in the crystal. 

 

While the reaction is happening with the surface of the crystal, the frequency change can be 

monitored. This relationship is expressed mathematically through Sauerbreys equation (Equation 1). 

 

 Δ𝑓 =  −
2𝑓 Δ𝑚

𝐴 𝜇𝜌
  (1) 

 

where 𝑓  Is the resonant frequency and Δ𝑓 is the change in frequency from the original. A is 

piezoelectrically active crystal area (area of the electrodes, cm2), the deposited mass is denoted 𝑚, 

while 𝜇 and 𝜌 are the Shear modulus and the density of the crystal, respectively. All of the elements on 

the right, apart from the mass, are constant, so the change in resonant frequency is proportional to the 

mass change[70, 84]. The frequency change is converted to mass change using the measured values for 

density and growth rate of films deposited with the same deposition parameters such as the standard 

pulse and purge sequence in the QCM experiment. Normalization of the depositions with the response 

from these standard sequences corrects for the surface roughness on the crystal, and the Sauerbreys 

formula is therefore used indirectly. The mass change is calculated using Equation 2.  

 

 Δ𝑚 =  −
𝑟 ∙ 𝜌

Δ𝑓 ∙ 𝑡
∙ Δ𝑓 (2) 

 

where 𝑟  represents the growth rate of the deposited film as a reference, measured with 

spectroscopic ellipsometry and 𝜌 is the density of the film, measured with XRR. The term Δ𝑓  is the 

measured change in frequency per second in the QCM-experiment and 𝑡 is time. Δ𝑓 is the observed 

change in frequency, which converts gradually as the frequency per cycle and Δ𝑚 ends up with a 

unit .  The in-situ QCM is a very suitable method for analyzing the self-limiting growth 

(Figure 7a). It gives the possibility of determining the optimal pulse and purge parameters, but also the 

dynamics of the growth conditions. Since hybrid materials may be air sensitive, such in-situ method 
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can give a substantial amount of information without exposing the films for air. On the other hand, the 

method is very sensitive towards temperature variations, where the increase in temperatures gives the 

same signal as loss of mass[85]. The quartz crystal must, therefore, be held at a constant deposition 

temperature, and a thermal equilibrium period of ca. 1 hour is added to the program before the 

deposition begins. 

 

2.3.2 Spectroscopic ellipsometry 

 

Spectroscopic ellipsometry (SE) is an optical measurement technique that characterizes light reflection 

(or transmission) from thin film samples. Electromagnetic radiation consists of both the electric and 

magnetic field positioned perpendicular to each other[86]. To describe the theory behind this technique, 

it is enough to consider the contribution of the electric field in space, also known as polarization. Light 

from normal sources are usually not polarized but can be polarized when passing through a filter. Two 

light waves that have the same wavelength are in phase, and their product is therefore linearly 

polarized. However, introducing phase differences between them will result in an elliptical 

polarization[87]. This is displayed in Figure 11. 

 

 
Figure 11: Two different types of polarization (left) linear, where the electric field wave is accompanied by a magnetic field 

wave as illustrated and (right) elliptical consisting of two perpendicular waves of unequal amplitude that differ in phase by 

90°. 

 

The key feature of SE is to measure the change in polarized light upon light reflection on a  

sample[88, 89]. The name comes from the fact that linearly polarized light becomes elliptically polarized 

upon reflection[87]. SE measures two values, the amplitude ratio and phase difference between light 

waves known as p- and s-polarized light waves. The spectrums of these values are measured by 

changing the wavelength of light and are eventually fitted to a mathematical model, providing 

information about the thin films thickness and refractive index[90]. The incoming and the outgoing 

beam together with the normal vector of the surface constitute the plane of incidence. The amplitude 

of the electric field that is moving in the plane of incidence is denoted Ep. 
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Similarly, the amplitude moving orthogonally to the plane of incidence is denoted as Es. Both are 

displayed in Figure 12. In ellipsometry, the s- and p-components of these electric fields are typically 

investigated concerning each other when the incoming beam is reflected[89, 91]. 

 

 

Figure 12: Schematic representation of the principle behind spectroscopic ellipsometry, where a linear polarized light is sent 

onto the sample. The elliptically polarized light is reflected and measured.  

 

Before and after the reflection, the amplitude of the p-component and the s-component of the wave is 

changing, while the relationship between the incoming and the outgoing amplitudes is defined as the 

reflectance R[91]. The ratio between these two reflectances is ψ and mathematically expressed through 

Equation 3.  

 

 𝑡𝑎𝑛 𝛹 =  
𝑅

|𝑅 |
 (3) 

 

Similarly, the change in polarization is typically characterized as the change in phase of the p-

component, and the s-component of the wave before reflection denoted δ1 and after the reflection δ2. 

So, the parameter Δ is expressed by Equation 4.  

 

 𝛥 =   𝛿 −  𝛿  (4) 

 

Finally, various mathematical methods are used to fit both  𝛹 and Δ. The models consist of variables 

such as thickness and other optical properties[92]. For transparent samples, Cauchy’s model is typically 

used by Equation 5.  

 

 𝑛(𝜆) =  𝐴 +  
𝐵

𝜆
+  

𝐶

𝜆
 (5) 

 

where 𝑛 is the refractive index, A, B, and C are the Cauchy’s coefficients, and 𝜆 denotes the 

wavelength of light[93]. Agreement between the chosen mathematical method and the actual data can 

be determined by the mean square error (MSE)[88, 92]. 
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2.3.3 X-ray Diffraction  

 

X-ray diffraction (XRD) methods are essential when it comes to determining crystal structures of 

materials[94, 95]. When the incoming x-rays, generated from an x-ray tube, meet regularly spaced 

particles with a spacing comparable to the wavelength, diffraction occurs[95]. The resulting interference 

pattern is dependent on the phases of the diffracted waves. X-rays have short wavelengths and high 

energy, so when these interact with a solid material, some of the waves are scattered in all directions 

by the electrons of the atoms that make up the solid[96], assuming a crystal with parallel planes A and 

B, as shown in Figure 13. The spacing between the planes is given by dhkl, where h, k, and l are the 

Miller indices of the plane. A monochromatic beam of x-rays with wavelength λ hits these planes at an 

angle θ. Imagine two waves are scattered by the atoms P and Q and leave the crystal under at the same 

angle θ[97]. 

 

 
Figure 13: a) Bragg diffraction by crystal planes. The path difference between beams 1 and 2 is SQ+QT = 2PQsinθ. b) 

Schematics of the symmetric GI-XRD geometry. a) taken from [97].  

 

Constructive interference occurs when the diffracted waves are in phase. Thus, the path difference 

between waves 1 + 1’ and 2 + 2’ should be equal to exactly one (or many) wavelengths. The path 

difference is |SQ| + |QT| equal to 2dhkl*sin(θ) using Pythagoras theorem. This results in Bragg’s law 

(Equation 6), where n is an integer[94, 97]. 

 

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (6) 

 

The diffracted beams enter a detector that measures the intensity of these as a function of θ 

(constructively interfering beams having much higher signals). In the case of thin films, the analysis is 

best performed if the incoming x-ray is limited to the surface of the sample. This is usually done using 

Grazing-incidence x-ray diffraction (GIXRD)[98]. In such experiments, the x-ray penetrates the surface 

of a thin film at an angle α = 1° or less[98, 99]. GIXRD data can be collected using a 𝜃/2𝜃 or a ω scan. 

Using 𝜃/2𝜃 scan both the film and the detector are scanned at a speed of 1:2 to record the diffraction 

along a fixed direction on the substrate. In the ω scan, the detector does not move, and it is a fixed 
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angle 2𝜃, while the film rotates about its surface to record in-plane diffraction from lattice planes, 

which have the fixed value of d spacing[99]. Both cases are shown in Figure 13b), and in our group, we 

have the possibility of collecting data in both ways.    

             

2.3.4 X-ray Reflectometry 

 

Where XRD measurements are used to obtain crystallographic information about structures, x-ray 

reflectometry (XRR) instead gives information on parameters such as thickness, density, and surface 

or interface roughness. This is done by analyzing the x-ray reflection intensity curves from grazing 

incident x-ray beam[95, 100]. The reflection of the x-rays is based on the transition between the air and 

the thin film and between the thin film and its substrate. If the angle α from for the incident beam in 

Figure 13b) is lower than the so-called critical angle for the material, we get total reflectance[94]. For 

larger angles, the incident beam penetrates through the surface and into the film. This critical angle is 

directly proportional to the density of the film material.  

 

The refracted x-ray will also be reflected off the interface between the film and the substrate and will 

cause either destructive or constructive interference with the reflected x-ray from the film surface, 

giving rise to Kiessig fringes[101]. The oscillation frequencies of these fringes can be used to determine 

the thickness of the films. The denser the maximum of these oscillations, the thicker the film[102]. The 

roughness of the samples can be determined by increasing α and investigating the amplitude of these 

oscillations and variations in the slope of the signal with 𝜃. To measure the density, roughness, and 

thickness for the desired film from the XRR data, a mathematical model needs to be employed, which 

is made from the collected information about the sample[103]. 

 

2.3.5 Fourier-transformed infrared spectroscopy 

 

In contrast to XRD and XRR, which are based on interactions between materials and x-rays, Fourier 

transformed infrared spectroscopy (FTIR) examine vibrations of chemical bonds as a result of 

excitation by infrared light. FTIR takes advantage of the fact that nearly all compounds with covalent 

bonds, either organic or inorganic, absorb certain wavelengths in the IR region and that the degree of 

this absorption is proportional to the molecular concentration. The wavelength region of infrared is 

from about 780 nm to 1000 μm[82, 104]. The absorbing frequencies of some atom groups are not very 

dependent on the whole structure at hand.  

 

Using FTIR, these can serve as characteristic bands for the atom groups. The absorption or 

transmission of the IR radiation is typically measured as the function of the wavenumber. The 

wavenumber is inversely proportional to the wavelength and is expressed with the unit cm- 1[105]. The 
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most commonly scanned wavenumbers are from 4000 to 400 cm-1, which constitutes the region of 

most of the inorganic materials and organic functional groups absorb[106]. Aside from the conventional 

IR spectroscopy measuring light transmitted through a sample, reflection IR spectroscopy is also 

possible using a combination of infrared spectroscopy with reflection theories[106, 107].  

 

It can be a beneficial mode for measurement of thin films[108, 109]. Reflectance examination techniques 

refer to methods for obtaining an infrared spectrum by reflecting IR radiation from a solid (it can be 

liquid as well). There are three main types of reflectance technique: specular, diffuse, and reflection-

absorption, as displayed in Figure 14[110]. 

 

 
Figure 14: Reflectance types in FTIR spectroscopy. 

 

Specular reflectance is applied to samples with smooth and polished surface, like electropolished steel 

substrates for deposition of thin films[111]. The other two types diffuse reflectance, and reflection 

absorption applies for samples with somewhat rougher surfaces and IR-transparent films on opaque 

substrates, respectively[112].  

In this master project, reflection mode is used, and it is reflectance that occurs when an incident IR 

beam hits a smooth surface of a solid sample. The angle of reflectance is equal to the angle of 

incidence during the measurement. The way the measurement is set is schematically illustrated in 

Figure 15[112]. 

 

 
Figure 15: The optical illustration of a simple specular reflectance mount for an FTIR instrument. 

 

This type of reflectance is based on using two flat mirrors and a platform with a hole inside. The sample 

is placed over that hole, while the background spectrum is obtained by placing a smooth reflecting 

surface of the sample.  
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2.3.6 X-ray photoelectron spectroscopy  

 

An electron is referred to as photoelectron when it is ejected from the electron shell of an atom that is 

irradiated by photons such as x-rays[113]. This is illustrated in Figure 16. An incoming photon may have 

enough energy (hυ) to eject an inner-shell electron so that the ejected photoelectron has a kinetic energy 

(Ek)[114]. By measuring the value of Ek, one can determine the binding energy (EB) of the electron based 

on Equation 7.  

 

 𝐸 = ℎυ − 𝐸 −  𝛷 (7) 

 

where 𝛷 is the energy required by the electron to be removed from the surface of the material, ℎ is the 

Planck’s constant, and the υ is the frequency of the light. 

 

 
Figure 16: Schematic illustration of the photoemission process. The x-ray photons stick to the surface of a sample resulting in 

the emission of a 1s photoelectron[115]. 

 

The value of 𝛷 depends on the materials composition and the instrument. XPS is, therefore, a method 

for identifying chemical elements from the binding energy spectra of their electrons. Since the kinetic 

energy of these photoelectrons is very low, it is essential that the outgoing photoelectron is not 

disturbed before it reaches the detector[116]. The ultrahigh vacuum is therefore required, usually on the 

order of about 10-12 mbar[117]. 

 

2.3.7 Ultraviolet and visible light spectroscopy 

 

Ultraviolet-visible spectroscopy (UV-Vis) is a technique that measures absorption or reflection in the 

ultraviolet and visible range[112, 118]. When light interacts with a material, some of its energy may be 

absorbed, and thus increase the energy of that material. Typically, the total potential energy of such 

material mathematically expressed as the sum of its electronic, vibrational, and rotational energies, just 

as expressed in Equation 8[119, 120]. 
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 𝐸 =  𝐸 + 𝐸 + 𝐸  (8) 

 

The amount of energy is quantified by the series of the discrete energy levels or states, while the 

difference in energy among the states is classified in the following order[120]. 

 

𝐸 >  𝐸 >  𝐸  

 

In terms of electronic energy levels, both the UV photons and the visible light have the possibility of 

initiating transitions internally. In organic molecules, the majority of absorptions occur in the UV area 

by the electrons that move into the antibonding orbital π* like in Figure 17, where an example of 

electronic transitions in formaldehyde is presented[120, 121]. 

 

 
Figure 17: The electronic transition in formaldehyde[121]. 

 

The molecules that contain a π bond are often called chromophores, and when inserted in a 

hydrocarbon, like in the example in Figure 17, a compound is produced with an absorption between 

200 and 1000 nm. The generated absorbance band often confirms the resulting chromophore from the 

transitions at a particular wavelength[122]. 

 

2.3.8 Atomic force microscopy 

 

Atomic force microscopy (AFM) has been used for characterization of the topography of the deposited 

films. A cantilever with a tip is used to scan a surface, and the deflection of the tip is monitored and 

used to build a map of topography[97, 123]. The deflection is registered as a change in position of a laser 

beam reflecting off the cantilever surface, as illustrated in Figure 18a) below[97].  

Two most important operational modes in AFM are contact mode and non-contact mode, presented in 

Figure 18b). The non-contact mode is used throughout this master project. The probe oscillates above 

the sample surface but does not touch the sample. The deflection is due to attraction from weaker van 

der Waals forces. The topography can be measured by using a feedback loop to monitor changes in the 
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amplitude due to attractive forces[124]. Disadvantages of this mode are that it generally provides lower 

resolution than contact mode, but it is the best mode when it comes to avoiding damage on the probe 

and sample.  

 

 
Figure 18: a) Schematic illustration of AFM and working principle. As a tip is scanned across the sample surface, 

topographical features cause a deflection of the cantilever. This deflection is registered as a change in the position of the 

reflected beam. The positional change is related to the magnitude of the cantilever deflection. b) The most important 

operational modes in AFM. 

 

3 Experimental 

 

This chapter is mainly concerned with the description of the type of equipment and chemicals used for 

each of the techniques. The techniques used are also explained together with a brief description of 

experimental parameters.  

 

 Precursors 

 

As mentioned, the precursor tester is an instrument developed at the Chemistry Department of the 

University of Oslo. A schematic overview of the setup is presented in Figure 8 (Page 16). An AT-cut 6 

MHz QCM unit produced by Inficon and a microscope of the type DinoLite was used. The microscope 

is placed in a time-lapse mode where images are recorded every 30 seconds. During the experiment, a 

small amount of the precursor powder is placed in the aluminum-based sample holder that is directly 

connected to a thermocouple. The sample is gradually heated while DinoLite logs visual changes, and 

the Colnatec LTE registers possible deposition on the QCM unit. The heating rate was 1 °C per minute 

for BDBA, whereas the rate was 5 °C per minute for BDBA-BPE, HMTP, and BH. 

Thermogravimetric analysis was used in combination with precursor tester in the determination of the 

sublimation temperatures. The analysis was employed on a Netzch 209 G1 Libra where temperature 

interval investigated was between 30 and 300 °C. For BDBA, the heating rate was 1 °C per minute, 

whereas the rate was 10 °C per minute for BDBA-BPE and HMTP. The precursors investigated with 

their state of aggregation and structure formulas are listed in Table 1.  
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Table 1: Precursors used in the present work with their state of aggregation, color, and structural formulas. 

Precursor Appearance Structure Purity Producer CAS 

Benzene-1,4-diboronic 
acid (BDBA) 

White 
powder 

 
 
 

>98 % Sigma 
Aldrich 

4612-26-4   

Benzene-1,4-diboronic 
acid bis (pinacol) ester  
(BDBA-BPE) 

White 
powder 

 
 

 

>98 % Sigma 
Aldrich 

99770-93-1 

2,3,6,7,10,11-
Hexamethoxy  
triphenylene  
(HMTP) 

Purple 
powder 

 

>98 % Sigma 
Aldrich 

808-57-1 

1,2,3,4,5,6-Benzenehexol  
(BH) 

Dark purple 
powder 

 

>98 % Sigma 
Aldrich 

608-80-0 

Trimethylaluminum 
(TMA) 

Colorless 
liquid 

 

>98 % Sigma 
Aldrich 

75-24-1 

Titanium(IV)chloride  
(TiCl4) 

Yellow 
liquid 

 

<99 % Sigma 
Aldrich 

7550-45-0 

 

 Depositions 

 

The MLD depositions were performed in a gas-phase reactor of the type F-120 (ASM 

Microchemistry Ltd). It is a hot-wall type of reactor with six precursor tubes divided into four 

temperature zones for the precursors. There are in total eight temperature zones. The temperatures of 

the different zones are set in such a manner that there is an increasing gradient from the first zone until 

the seventh zone, where the reaction chamber is located. This is to avoid any condensation of 

precursor along with its flow.  

 

The N2 flow (Praxair 500743 Nitrogen 5.0 Ultra) through the reaction chamber was kept at 300 sccm 

(standard cubic cm per minute), and the flow in the outer chamber was maintained at 100 sccm. A 

pump kept the pressure between 6 and 7 mbar throughout the experiments. A schematic illustration of 

the F-120 reactor is presented in Figure 19, showing where different types of precursors are located in 

the reactor and where the reaction chamber needs to be during depositions. 
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Figure 19: Vertical cross-section of the flow system in the F-120 reactor used in this work. The figure shows one of the two 

sets of the precursor chambers. Temperature increases from left to right. The gray precursor boat is in the precursor tube 

while the dashed gray arrow represents the nitrogen gas flow, and it goes from left to right.  

 

Powder precursors are placed in precursor boats and precursor tubes and are heated to achieve 

sufficient vapor pressure. Precursors such as TMA and TiCl4 that have adequate vapor pressure at 

room temperature are used as external precursors outside of the reactor. Vapors of such precursors are 

transferred to the reactor by a valve on the bubbler. The reaction chamber is a glass tube with 

separated inlets for the cation and anion type of precursors used. The diameter of the tube is 5.5 cm. 

During each deposition, either three or five substrates were placed on a glass plate on top of an 

aluminum plate. The glass plate with dimension 50×76×1 mm3 is produced by Glaswarenfabrik Karl 

Hecht KG, while the aluminum plate is adapted to fit the reaction chamber. Before MLD, this glass 

plate is cleaned with ethanol. Figure 20 shows the orientation of the substrates in both cases and their 

names used later in Chapter 4. 

 

 
Figure 20: a) Illustration of a reaction chamber where three substrates are in front, middle and backside of the glass substrate 

marked with blue color b) Illustration of the reaction chamber where five substrates are used. Two in front, two in the middle 

and one in the back of the glass substrate. In some deposition only, Si(100) were used, but the combination of substrates 

mentioned in Table 2 was also used in some depositions. 

 

 Substrates 

 

Generally, the substrates used in this thesis were the monocrystalline boron-doped silicon (100) 

1x1 cm2  made from a larger silicon wafer. Wafers typically have a ca. 2 nm layer of a native SiO2 on 

their surface. The thickness of the SiO2 layer on the silicon substrate is nevertheless measured before 

every deposition by SE. Before doing MLD, the substrates are also cleaned using dry wipes and 
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blowgun. Table 2 gives an overview of substrates used and their dimensions as well as the type of 

measurements performed. 

 

Table 2: Types of substrates used in during depositions with corresponding dimensions and overview of what type of 

measurement was done with each substrate. 

 

 Characterization of films 

 

3.4.1 Spectroscopic ellipsometry 

 

The type of ellipsometer used is Alpha SE J.A.Woollam Co (Figure 21). In combination with a 

computer software CompleteEase, thickness, and refractive index for all the films deposited on the 

Si(100) substrates were determined.  

 

 
Figure 21: An image of the ellipsometer Alpha SE J.A.Woollam Co[88]. 

 

The instrument used wavelengths between 380 – 890 nm with an incidence angle of 70°. 

Measurements are typically performed within 15 minutes after deposition, but also after different 

times after deposition on three different places on the substrate to investigate for possible thickness 

gradients and stability in the air as a function of time. Thickness values, together with the refractive 

index for the middle part, are noted down. The acquired data are fitted with a mathematical model to 

determine the optical parameters. Throughout this master project, the Cauchy model was used as the 

standard adaptation. The refractive index is provided at λ = 632.8 nm. 

 

 

 

Substrate type Dimension Type of measurement 
Si(100) 1x1 cm2 SE, GIXRD, XRR, AFM, XPS 
Electropolished steel 1x1 cm2 FTIR reflection mode 

Si(100) etched backside 1x1 cm2 FTIR transmission mode 
Silica(001) 1x1 cm2 UV-Vis 
QCM unit d = 25 mm Growth rate experiments, FTIR reflection mode 
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3.4.2 Quartz crystal microbalance characterization 

 

In-situ QCM characterization was done by using two AT-cut crystal 6 MHz with gold-electrodes. In 

the reaction chamber, these QCM units were separated by 5 cm and placed in a home-built holder, 

presented in Figure 22. Raw data are registered with a Maxtek data logger and the program LabView. 

The thickness monitor used is produced by Colnatec of the type EON-LT.  

 

 

Figure 22: An illustration of a typical QCM characterization setup consisting of a reaction chamber that sits in the reactor, a 

thickness monitor, and a PC. Reaction chamber used for a QCM characterization setup consists of two QCM units separated 

by 5 cm from each other.  

 

The first material system investigated by QCM was based on BDBA and HMTP. Along with the QCM 

response of this reaction, the response of the reaction between TMA and HMTP, BDBA and water 

were investigated, to compare the frequency slopes. Table 3 presents the different reactions tested 

during this experiment, the locations of the precursors and their sublimation temperature (RT stands 

for room temperature) in the reactor, along with the respective pulse and purge parameters. The TMA 

and water sequences were only performed with 30 cycles while 100 cycles were used for the rest. This 

experiment was done at 250 °C.  

 

Table 3: Pulse and purge parameters for the QCM characterization for the material system based on precursors BDBA and 

HMTP. Other systems, like TMA+HMTP, TMA+BDBA, and reference TMA+H2O, were investigated. The table presents the 

location of the precursors in the reactor during depositions as well as the duration of these depositions.  

Systems Precursor Valve Reactor location Pulse (s) Purge (s) 
Number 
of cycles 

TMA + H2O 
TMA 1 External (RT) 0.3 3 

30 
H2O 6 External (RT) 0.3 3 

BDBA + HMTP 
BDBA 4 Zone 2 (150 °C) 15 5 

100 
HMTP 2 Zone 4 (215 °C) 20 5 

TMA + HMTP 
TMA 1 External (RT) 0.3 3 

100 
HMTP 2 Zone 4 (215 °C) 15 5 

TMA + BDBA 
TMA 1 External (RT) 0.3 3 

100 
BDBA 4 Zone 2 (150 °C) 15 5 

TMA + H2O 
TMA 1 External (RT) 0.3 3 

30 
H2O 6 External (RT) 0.3 3 
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The following QCM experiment (Table 4) was performed to investigate the reaction between TMA 

and HMTP further. It starts with a TMA and water sequence, then precursors TMA and HMTP 

individually to inspect the reactor for any CVD-type growth or technical issues and finish the 

experiment by performing the test of the TMA and HMTP. All of the tests were performed with 30 

cycles. The deposition was done at 250 °C. 

 

Table 4: Pulse and purge parameters for the QCM characterization for the system based on TMA and HMTP. Empty 

sequences with only TMA and only HMTP are investigated. A reference TMA+H2O and TMA+HMTP are added to the end. 

The table presents the location of the precursors in the reactor during depositions as well as the duration of these depositions.  

Systems Precursor Valve Reactor location Pulse (s) Purge (s) 
Number 
of cycles 

TMA + H2O 
TMA 1 External (RT) 0.3 3 

30 
H2O 6 External (RT) 0.3 3 

Only TMA 
TMA 1 External (RT) 0.3 3 

30 
Empty         

Only HMTP 
HMTP 4 Zone 2 (215 °C) 15 5 

30 
Empty         

TMA + HMTP 
TMA 1 External (RT) 0.3 3 

30 
HMTP 4 Zone 2 (215 °C) 15 5 

 

Deposition parameters of the next QCM experiment investigating most optimal pulse and purge 

parameters for precursors TMA and BDBA are presented in Table 5.  Deposition temperature was  

200 °C, while the characterization starts with a standard pulse and purge lengths based on findings 

from the experiment described in Table 3. Starting with the test of TMA pulse, there are 7 different 

pulse lengths for TMA that are substituted with the standard value 0.4 s, which gives 7 different mini 

tests repeated 10 times. Further on, there are 6 different pulse lengths of BDBA that are substituted 

with 20 s, and in this way, the QCM experiment is built for all of the tests in the second column. When 

all of the possible combinations were done with 10 cycles, the same combinations were repeated 20 

times as well. 

 

Table 5: QCM experiment for a system based on TMA and BDBA, where we investigate the most optimal pulses and purges 

for each precursor. The table displays the duration of each of these pulse and purge tests.  

Duration Testing Length (s) 
10 cycles TMA pulse 0.6 0.5 0.4 0.3 0.2 0.1 0 
  BDBA pulse 45 15 5 2.5 1 0 

 

  BDBA purge 15 10 7.5 5 2 0.5 
 

  TMA purge 3 1 0.75 0.5 0.4 0.25 
 

20 cycles TMA pulse 0.6 0.5 0.4 0.3 0.2 0.1 0 
  BDBA pulse 45 15 5 2.5 1 0 

 

  BDBA purge 15 10 7.5 5 2 0.5 
 

  TMA purge 3 1 0.75 0.5 0.4 0.25 
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The deposition parameters of the QCM experiment 200 °C for TiCl4 and BDBA are presented in 

Table 6.  The standard pulse and purge sequence, in this case, was 0.5s/1s/20s/8s.  

 

Table 6: Investigation of the most optimal deposition parameters for a system based on TiCl4 and BDBA via a QCM 

experiment. The table displays the duration of each of these pulse and purge tests.  

 

A QCM response experiment was also performed for the reaction between TMA and BDBA-BPE 

along with a reference TMA and water that were repeated ten times. The aim was to compare their 

frequency slopes and determine if a material system based on BDBA-BPE should be investigated 

further. Deposition parameters are presented in Table 7. Two other reactions were investigated by 

QCM. The first experiment tested reactions between BDBA and BH and the second TMA and BH. 

Like in the other QCM experiments, reference TMA and water sequences were added for comparison. 

Table 8 presents the deposition parameters of the QCM experiment. 

 

Table 7: Standard pulse and purge sequence for the QCM characterization of the system based on TMA and BDBA-BPE. 

Pulses and purges tested for each precursor are also presented. The table presents the duration of these tests.  

Systems Precursor Valve Reactor location Pulse (s) Purge (s) Number 
of cycles 

TMA + H2O TMA 2 External (RT) 0.4 1 
10 

H2O 6 External (RT) 0.3 3 
TMA +  
BDBA-BPE 

TMA 2 External (RT) 0.3 3 
10 

BDBA-BPE 4 Zone 2 (80 °C) 60 5 
 

Table 8: Pulse and purge parameters of the QCM characterization when of the system based on precursors BDBA and BH. 

BDBA+BH and TMA+BH systems are also investigated together with the Reference sequences TMA+H2O. The table 

presents the location of the precursors in the reactor during depositions as well as the duration of these depositions.  

Systems Precursor Valve Reactor location Pulse (s) Purge (s) Number of 
cycles 

TMA + H2O TMA 2 External (RT) 0.4 1 10 
H2O 6 External (RT) 0.3 3 

BDBA + BH BDBA 4 Zone 4  (150 °C) 20 8 10 
BH 3 Zone 2  (125 °C) 10 5 

TMA+ BH TMA 2 External (RT) 0.5 1 10 
BH 3 Zone 2  (125 °C) 90 8 

TMA + H2O TMA 2 External (RT) 0.4 1 10 
H2O 6 External (RT) 0.3 3 

Duration Testing Length (s) 
10 cycles TiCl4 pulse 3.75 2 1 0.75 0.25 0 

 

  BDBA pulse 60 45 20 7.5 2.5 1 0 
  BDBA purge 15 7.5 5 2.5 0.5 

  

  TiCl4 purge 3.5 1 0.75 0.5 
   

20 cycles TiCl4  pulse 3.75 2 1 0.75 0.25 0 
 

  BDBA pulse 60 45 20 7.5 2.5 1 0 
  BDBA purge 15 7.5 5 2.5 0.5 

  

  TiCl4  purge 3.5 1 0.75 0.5 
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Lastly, the investigation of the optimal pulse and purge parameters was done for TMA and BH 

(Figure 9). Due to limited amounts of BH precursor, the QCM experiment performed lasted much 

shorter than other QCM experiments. Deposition temperature was 200 °C, and the standard pulse and 

purge sequence was 0.4s/1s/40s/8s.  

 

Table 9: Standard pulse and purge sequence for the QCM characterization of systems based on BH and BDBA and TMA and 

BH. Pulses and purges tested for each precursor are also presented. Each of the tests runs in 10 cycles.   

Duration Testing Length (s) 
10 cycles TMA pulse 0.6 0.4 0.2 0  

  BH pulse 70 20 7.5 1.5 0 
  BH purge 15 7.5 3 1  

  TMA purge 2 1 0.5 0.1 
 

 

 

3.4.3 Fourier-transformed infrared spectroscopy 

 

The chemical state of the deposited films was investigated using Vertex 70 FTIR spectrometer. As 

mentioned in Table 2, the substrates used for these measurements were the Si (100) substrates with 

etched backside in transmission mode and the electropolished steel substrates in the reflection mode. 

As also bands originating from these substrates can be seen in the measured spectra, subtraction of a 

clean Si (100) substrate and an uncoated electropolished steel substrate spectrum from the spectra for 

the samples was necessary. This was done automatically in the OPUS software used throughout these 

measurements.  

 

3.4.4 Ultraviolet and visible range spectroscopy 

 

Absorption spectroscopy was performed in the UV and visible range to determine the transmission for 

various films deposited in this work. It was also utilized for the identification of aromatic units in the 

films. The UV-vis spectrometer is based on a light source, sample holder, and a detector. A simple 

sketch of the setup is presented in Figure 23. 

 

 
Figure 23: Schematic illustration of the UV-vis measurement setup consisting of a light source, sample, detector, and a 

computer to analyze the data. 

 



33 
 

The light source in the schematic is a DH-2000 UV-VIS-NIR Light source from Mikropack, while for 

the detection of the signals the Ocean optics Inc fiber optic spectrometer was used USB2000+. Region 

of detection is 200-900 nm. Data analysis was performed on a PC software called OOIBase32 v2.0.  

 

3.4.5 Diffraction techniques 

 

All of the film deposited in this work were characterized by GIXRD and XRR. These measurements 

were carried out on PANalytical Empyrean. The instrument utilizes Cu K𝛼 irradiation source that is 

driven by 45kV/40mA (𝜆 = 1.5406 Å), a parallel wave (x-ray mirror) and a proportional point detector 

(PW 3011/20).  GIXRD is a method that uses a relatively low incident angle for the x-rays, so they 

reflect more from the surface of the film and less from the substrate. An incidence angle of 0.3° was 

used in this study, and the range for 2θ was typically 0 - 40°, sometimes even 0 - 70°.  The data is used 

to determine the crystallinity and composition of thin films or if the film is amorphous.  

For XRR measurements, the angle of incidence was fixed at 0.3°, and the 2θ was scanned from  

0.08° - 6°. The X’Pert Reflectivity program was used for thin film thickness analysis where data 

fitting is performed by considering different material layers.  

 

3.4.6 Atomic force microscopy 

 

For AFM imaging, a Park Systems XE-70 microscope was used. The whole instrument is located in an 

anechoic box to reduce background vibrations, and samples are placed onto an anti-vibration holder. 

The experiments were performed in non-contact mode using a noncontact high-resolution tip from 

Park Systems. The AFM is controlled by XEP software, and data processing was performed using 

Gwyddion. 

 

3.4.7 X-ray photoelectron spectroscopy 

 

Analysis of the chemical composition was done by XPS. The experiments were carried out at 

MiNaLab using a Thermo Scientific Theta Probe Angle-Resolved Photoelectron Spectrometer. The 

instrument is equipped with an ultrahigh vacuum stage, where both the sample and x-ray source Al 

Kα-anode are located. Pass energy used for the general survey scans was set to 100 eV and 60 eV for 

the high-resolution scans. Data analysis was done by Casa XPS. The measurements were performed 

by Kristian Weiby. Substrates involved with XPS analysis in this work were the Si(100) but also the 

glass plates supporting them under depositions (Figure 20).  
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 Material systems investigated 

 

The overview of the different material systems and deposition conditions such as temperature and the 

pulse and purge parameters are given in Table 10.  

 

 Table 10: Pulse and purge parameters for the precursors used in this master thesis. 

Structure  Material Deposition 
temperature 

Valve Reactor location Pulse (s)  Purge (s) 

Organic BDBA 200 °C 4 Zone 2 (150 °C) 20 5  

Organic BDBA + HMTP 250 °C 4 Zone 2 (150 °C) 15 5 
1 Zone 4 (215 °C) 15 5 

Hybrid TMA + BDBA 180 – 340 °C 2 External (RT) 0.4 1 
4 Zone 2 (150 °C) 20 8 

Hybrid TMA + BDBA-BPE 200 °C 2 External (RT) 0.4 1 
4 Zone 2 (150 °C) 60 8 

Hybrid TiCl4 + BDBA 200 -300 °C 2 External (RT) 0.5 1 
4 Zone 4 (215 °C) 40 8 

Organic BH + BDBA 200 °C 2 Zone 2 (150 °C) 20 8 
4 Zone 4 (215 °C) 10 5 

Hybrid TMA + BH 200 °C 2 External (RT) 0.4 1 
4 Zone 2 (150 °C) 90 8 
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4  Results 

 

In this chapter, the results from the experiments described in Chapter 3 are presented. This includes 

the investigation of the thermal properties of the precursors, the test depositions, and the results of the 

characterization techniques used.  

 

 Precursors and their thermal properties  

 

Before material synthesis and characterization, the thermal stability of the precursors was analyzed 

using TGA (Chapter 2.3) and the precursor tester (Chapter 2.2). TGA (Figure 24) shows the mass 

losses as functions of the temperature in an interval between 30 and 300 °C for BDBA, HMTP, and 

BDBA-BPE. For BDBA, the heating was done at a rate of 1 °C per minute, whereas the rate was 

10 °C per minute for BDBA-BPE and HMTP.  

 

 
Figure 24: TGA used to determine the sublimation temperatures for BDBA-BPE (blue), BDBA (red) and HMTP (black). 

Mass loss is plotted as a function of temperature between 30 to 300 °C, with heating rates of 1 °C /min for BDBA and  

10 °C /min for BDBA-BPE and HMTP.  

 

As seen in Figure 24, all three compounds exhibit different thermal behavior. BDBA-BPE seems to 

sublimate at 75 °C and is neither decomposing nor having any residual mass. For BDBA, even though 

there is a residual mass of about 55% at higher temperatures, the curve shows sublimation with an 

onset at around 140 °C. The remaining mass could be an indication of a possible decomposition or 

polymerization. HMTP sublimates at a much higher temperature, at around 200 °C having a residual 
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mass of between 5 and 10% after the experiment. Figure 25 shows the change in the resonance 

frequency of the quartz crystal as a function of temperature for respectively BDBA-BPE, BH, HMTP, 

and BDBA. The heat rate for the latter was 1 °C/min, while the rest used a rate of 5 °C/min. 

 

 
Figure 25: Frequency changes of the quartz crystal used to investigate the thermal stability for BDBA-BPE (blue), BH 

(green), BDBA (red) and HMTP (black) as functions of the temperature of the sample. The change in relative frequency is 

reversely proportional to mass deposited on the quartz crystal. The heating rate for BDBA-BPE, BH, and HMTP was  

5 °C/min whereas for BDBA it was 1 °C/min.  

 

BDBA shows a change in frequency due to the mass increase of the quartz crystal indicating 

sublimation at ca. 130 °C and a deflection of the curve at higher temperatures. Similar deflection is 

observed for BH, but the compound sublimates at a lower temperature, at around 125 °C. The two 

remaining precursors, BDBA-BPE and HMTP, sublimate at 80 and 200 °C respectively but exhibit no 

deflection of the curve at higher temperatures. This corresponds well with the low residual mass 

observed from TGA done for these precursors.  

 

An alternative approach to judge the applicability of the precursors is to visually observe how the 

precursors change with temperature using in-situ time-lapse photography during the process. All of the 

images on the left in Figure 26 marked a) illustrate the situation just before the sublimation starts, as 

compared to the images in the middle Figure 26b) taken 30 seconds later. On the right side, 

the structural formulas of the precursors are presented along with the temperature at which images 

marked a) were recorded.  
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Figure 26: Evidence of the first visible changes occurring for all of the four organic precursors marked with red circles. 

Images a) were taken 30 seconds before images b). The temperatures at which images a) were taken are displayed under the 

structural formulas of all of the precursors located on the right side of this figure. The heating rate for BDBA was 1 °C/min 

while the heating rates for the rest of the precursors was 5 °C/min in a temperature range from 30 to 300 °C. 
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The first frequency change for BH occurs at around 125 °C, which corresponds well with the result 

obtained from the precursor tester (Figure 25). The shift in color started at the edges of the sample, and 

a minimal sample loss was observed. The temperature at which the holder is empty is around 225 °C, 

which explains the sudden frequency change for BH we observe in Figure 25. The sample holder 

becomes gradually empty for BDBA-BPE at around 90 °C, which is documented by the rapid 

frequency increase in Figure 25.  

 

Additionally, BH sublimation was confirmed using the crystal unit from precursor tester and was 

analyzed with FTIR reflectometry (Figure 27). If the removal of the content of BH were due to 

sublimation, specific peaks defining the various bonds in the BH molecule would show up in the 

reflectometry spectrum. The indexed areas represent the most notable stretches. The ones occurring 

between 3340 and 3400 cm-1 are attributed to the O-H bond[125], while the large distinctive reflection 

feature at around 1600 cm-1 corresponds to the C=C stretching mode of the aromatic ring[125]. The 

small stretch at 1531 cm-1 corresponds to aromatic C-C stretch[126]. All of the stretching vibrations do 

match well the structure of BH molecules[109]. 

 

 
Figure 27: The full FTIR reflectometry spectra of the QCM unit used in the precursor tester for determination of sublimation 

temperature of BH (red) and the reflectometry spectrum for an uncoated QCM unit (blue). Dashed gray lines indicate the 

most notable peaks of the coated crystal unit.  

 

Based on the results from the TGA, precursor tester and the FTIR reflectometry sublimation 

temperatures for BDBA, HMTP, BDBA-BPE, and BH was set to be 130 °C, 200 °C, and 80 °C, 

125 °C, respectively. For BDBA and HMTP this appeared not to be optimal temperatures as the 

recrystallization of precursors (indicating the suitable flow of precursor into the reaction chamber) was 

not observed in the precursor tube in the reactor. Test depositions with these precursors were done 

increasing the deposition temperatures by 5 °C for every deposition until 150 °C for BDBA and  

215 °C for HMTP, where acceptable recrystallization was observed for both precursors. 
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 The reaction of BDBA with itself  

 

The initial idea was to synthesize thin films of the COF-1 structure (Figure 5a). Reacting BDBA with 

itself in the ALD reactor requiring a minimum of two precursors(Chapter 2.1, Page 12) would mean 

that we want to obtain COF-1 in a CVD growth process. The deposition program written beforehand 

had to, therefore, contain another “precursor” to satisfy the operating conditions of the ALD reactor. 

20s/5s was used as the pulse and purge lengths for BDBA while 0.3s/1s were used for the empty valve 

in the reactor. The result of this deposition using 100 cycles at 200 °C is displayed in Table 11. This 

pulse and purge lengths for BDBA were proposed based on the previous experience with ALD in our 

group.  

 

Table 11: Thickness before and after using BDBA as a single precursor in the reactor to grow COF-1 thin films. Ellipsometry 

measurement was done right after the deposition. The positions of the substrates Si1, Si2, and Si3 in the reactor chamber is 

illustrated in Figure 20a)  

BDBA with itself Thickness (nm) (The standard deviation: 0.0394 nm) 
Substrate number Si1 Si2 Si3 
Before deposition 2.31 2.36 4.86 
After deposition  3.42 3.38 4.48 

 

Assuming enough BDBA is supplied through the reactor and the fact that we observe no film growth 

on any of the substrates may indicate that this type of reaction is too slow for it to occur on the silicon 

substrates. 

 

 The BDBA and HMTP system 

 

Additional efforts were made to grow thin films of the COF-5 structure using BDBA and HMTP. 

Table 12 gives an overview of measured thicknesses before and after the deposition of films with 

BDBA and HMTP using 100 cycles at 250 °C. The pulse and purge sequence used in this deposition 

was 15s/5s/15s/5s starting first with the pulsing of BDBA. The pulse and purge sequence are only 

proposed values based on our experience in the research group, as more detailed characterization is 

required to estimate optimal pulse and purge lengths if there is a reaction between these two 

precursors. 

 

Table 12: Thickness measured before and after deposition of BDBA and HMTP attempting to grow COF-5. Deposition 

temperature is 250 °C. The positions of the substrates Si1, Si2, and Si3 in the reactor chamber are illustrated in Figure 20a) 

BDBA and HMTP Thickness (nm) (The standard deviation: 0.0394 nm) 
Substrate number Si1 Si2 Si3 
Before deposition 3.16 2.9 2.58 
After deposition 2.96 2.81 4.72 
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According to Table 12, the added thickness on the third substrate Si3 being closest to the exhaust was 

measured to around 2 nm, after subtracting the thickness of the silicon substrate before deposition. 

This indicates a possible reaction between BDBA and HMTP on the surface of the substrate. The 

possibility that a reaction occurs here is, however, questionable since only the last substrate appeared 

to have changed, and almost insignificantly. A QCM response test could help determine if the 

acquired film comes from a reaction between BDBA and HMTP.  

 

Two QCM units marked in Figures 28 as A and B were used for this experiment. The experiment was 

done at the same temperature as the initial deposition, while the parameters used are described in 

Table 4. In addition to the reaction between BDBA and HMTP, QCM responses for the reactions 

between TMA and HMTP and BDBA were investigated to identify possible growth systems. The 

reaction between TMA and water was used as a reference. Focusing on the sequence containing 

BDBA and HMTP, Figure 28 shows no significant growth, as there is almost no frequency increase. 

However, the sequence with TMA and HMTP shows sign of possible growth, so further QCM 

analysis was performed to verify these observations.  

 

 
Figure 28: QCM response for various combinations of reactants to identify possible growth systems. A reference TMA and 

water sequence were added at the start (magenta) and the end (orange) of the experiment. These were repeated 30 times. 

Reactions between BDBA and HMTP (red), TMA and HMTP (blue) and TMA and BDBA (green) were done 100 times. The 

locations of the QCM units in the reaction chamber during the characterization are marked A (front) and B (back).  
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An additional QCM characterization was done introducing TMA and HMTP individually to the 

reaction chamber to inspect if any of the signals could be due to CVD growth or faults with the 

reactor. The pulse and purge parameters of this experiment are described in Table 5, while the results 

are displayed in Figure 29.  

 

 
Figure 29: A QCM experiment consisting of a CVD-growth test with a single precursor HMTP (red), a test of the reaction 

between TMA and HMTP (blue) and another CVD-growth test with TMA (magenta). The experiment was conducted at 

225 °C, while other deposition parameters are described in Table 5.  

 

The frequency changes for all of the tests are below 10Hz, indicating no growth. The order of 

magnitudes of the frequency curves for the TMA and HMTP sequences are nearly the same, standing 

at around 60 Hz after 100 cycles in Figure 28 and around 11 Hz after 30 cycles in Figure 29. The 

results from Figure 28 and 29 verifies, therefore, no MLD growth of film based on the BDBA and 

HMTP. On a similar note, there is no significant MLD growth of films based on TMA and HMTP, as 

displayed in Figure 29. The material system based on TMA and BDBA shows quite a stable film 

growth, which is something that needs to be investigated further (Chapter 4.4). The growth rate 

appears very similar to the TMA, and H2O references, so more dedicated techniques are necessary to 

differentiate between these two reactions.  

 

One such technique is XPS analysis for detection of boron in the sample from a test deposition 

presented in Table 12. A general overview of the concentrations of each of the element found on the 

surface is obtained (Figure 30). The relative atomic percentages of these areas, but also the location of 

these expressed in eV are displayed in Table 13.  
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Figure 30: The general survey XPS scan with only B 1s, O 1s, and C 1s signals being resolved. High-resolution scans around 

these were also performed.  

 

Table 13: Overview of the content of the sample with BDBA and HMTP in the three different areas of the survey scan.  

Name  Peak (eV) FWHM (eV) Area (CPS vs. eV) Atomic % 
O1s Scan A 531 4.2 3247.7 29.7 
C1s Scan A 284 4.6 994.1 26.7 
B1s Scan A 185 0.9 14.8 0.8 

 

The full survey-scan spectrum of the BDBA and HMTP film has prominent O 1s at 531 eV and a C 1s 

signal at 284 eV. The scan also confirms an almost insignificant content of boron in the film ca. 

(0.8 %, Table 13), which may originate from the silicon substrate itself.  

 

 The TMA and BDBA system 

 

A vital prerequisite with the MLD technique is the self-limiting growth between the precursors and the 

functional groups on the surface of the substrates. A QCM characterization was therefore performed to 

investigate growth rate as a function of various pulse and purge lengths. The parameters of a proposed 

standard pulse and purge sequence 0.4s/1s/20s/8s (either pulse or purge) were changed one parameter 

at the time, while the others were kept constant. The deposition temperature was 200 °C. The results 

are presented in Figure 31. It seems that a 0.4 s long TMA pulse results in saturation of the surface. No 

decrease of mass occurs with the following purge step of TMA. This pulse length of 0.4 s was 

therefore chosen as a standard and 1 s as a standard purge length. BDBA, on the other hand, uses more 

than 20 s to obtain saturation. 20 s is therefore attempted as a standard pulse length, while a longer 

purge for BDBA may be required and was in this can case eventually chosen to be 8 s. 
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Figure 31: The growth rate of the hybrid TMA and BDBA system as a function of a) TMA pulse b) TMA purge c) BDBA 

pulse and d) BDBA purge as measured by QCM. Two QCM units were used, placed approximately 5 cm apart, one 

positioned in the front of the reaction chamber (blue triangles) and one in the back (red circles).  

 

In contrast to the investigation of the growth rate as a function of pulse and purge lengths done in 

Figure 31, Figure 32 shows the mass increase as a function of time of two whole cycles.  

 

 

Figure 32: QCM measurement for hybrid TMA and BDBA system using pulse and purge sequence 0.4s/1s/20s/8s. The 

experiment was done at 200 °C, while the figure shows the mass increase (and loss) as the precursors TMA and BDBA are 

pulsed and purged. The red line shows the standard deviations of the QCM data, while the cyan areas indicate purging.  
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The two cycles represent the statistical average over 20 consecutive cycles along with their standard 

deviation (red). From Figure 32, we can see that the deposition has an ALD-type growth with the 

pulsing of TMA. The same saturated mass increase is not the case with the BDBA pulse, which may 

be due to the size of BDBA. There is almost no mass loss during TMA purge, while some mass is lost 

with the BDBA purge. 

 

The pulse and purge sequence after these QCM experiments was set to be 0.4s/1s/20s/8s. Using these 

pulse and purge lengths, the growth rate of the system was investigated at different temperatures. SE 

was used to measure thicknesses of films of TMA and BDBA immediately after each deposition. The 

values measured were used to plot the growth rate as a function of deposition temperatures. The result 

of this experiment is displayed in Figure 33.  All of the depositions were performed with 100 cycles in 

a temperature interval between 180 and 340 °C. The growth rate is relatively stable from around 

1.6 Å/cycle at 180 °C to 1.3 Å/cycle at 240 °C. At the same time, the refractive index decreases as the 

deposition temperatures increases. Deposition at a higher temperature, starting above 280 °C leads to a 

possible second MLD-window. As seen in Figure 33, it starts from 280 to 340 °C with a growth rate at 

around 0.6 Å/cycle.  

 

 
Figure 33: Growth rate (blue) and the refractive index (red) of the hybrid TMA and BDBA system as a function of deposition 

temperatures. The growth rates and refractive indices of Al2O3 films deposited at both 200 and 300 °C were added for 

comparison. 

 

The highest growth rate based on Figure 33 occurs at 200 °C, the same temperature used for the QCM 

characterization of the TMA and BDBA system (within the first proposed MLD-window). Based on 

these findings, we kept the deposition temperature of 200 °C as standard temperature for producing 

samples for materials characterization. Films of TMA and BDBA were also deposited at 300 °C, to 

investigate the properties within the possible second narrow MLD window. The growth rates and 

refractive indices of Al2O3 films deposited at both 200 and 300 °C were added to Figure 33  
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for comparison. The growth rate of Al2O3 films slightly decreases with deposition temperature 

according to the figure, while the refractive index increases with increasing temperature. All the TMA 

and BDBA films presented in Figure 33 were investigated for their stability in air. This was done by 

monitoring the thickness of the films at different times after deposition. The films thickness is 

measured with SE first as deposited and then at different periods after depositions. The thickness of 

the films varies on the front, middle, and back substrates in the reaction chamber and the mean values 

based on these three thicknesses are presented in Figure 34. 

 

 
Figure 34: Air stability experiment investigating thickness as a function of time with a square root dependency on the time 

scale for samples deposited in a temperature interval between 180 and 300 °C.  

 

There is an apparent increase in thickness in the beginning until about 1500h for all films deposited 

below 280 °C. There was no difference in film thickness for films deposited above 300 °C. Frequently, 

hybrid MLD films are seen to react with moisture due to unreacted precursors or even weak bond 

between the metal and the functional group from the organic linker or the metal to oxygen bond. The 

sensitivity to humidity was also tested on one of these TMA and BDBA films deposited at 200 °C 

using 100 cycles (represented by the red circle in Figure 34). Putting a drop of water on one of the 

substrates and then removing shortly after by absorbing it into a Kleenex tissue seemed not to cause 

any change in thickness. The following Table 14 presents the result of the experiment. 

 

Table 14: Measured thickness of the film deposited at 200 °C right after deposition and after water treatments (VP3126). The 

standard deviation for the thickness values is 0.0394 nm. 

Time As deposited Right after the 
water drop 

24h after the 
water drop 

3 months after the 
water drop 

Thickness 18.51nm 18.67 nm 18.59 nm 18.74 nm 
 

The crystallinity of the films from both predicted MLD-windows was investigated by GIXRD. The as 

deposited films at both 200 °C (700 cycles, ca. 90 nm) and 300 °C (1500 cycles, ca. 100 nm) show 

amorphous character, most likely due to their hybrid nature. Two thicker Al2O3 deposited at both 
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temperatures for purposes of comparing their GIXRD data are included in Figure 35a) together with 

GIXRD data for the films deposited with TMA and BDBA. All four of the measurements were done in 

the 2θ region between 2 - 40 °. The thicknesses of the Al2O3 film were around 150 and 220 nm 

respectively. An XRR measurement is also performed in combination with an AFM analysis of the 

TMA and BDBA films deposited at both 200 and 300 °C, and the results are shown in Figure 35b) and 

c), respectively. 

 

 
Figure 35: a) Diffractogram of four as deposited samples, including a ca. 150 nm Al2O3 film deposited at 200 °C (magenta), a 

ca. 100 nm TMA and BDBA film at 300 °C (black), a ca. 90 nm TMA and BDBA film deposited at 200 °C (blue) and a ca. 

200 nm Al2O3 film deposited at 300°C (red). b) XRR patterns of TMA and BDBA films deposited at 300°C (black), 200°C 

(blue) with data fitting (red). c) AFM analysis of the TMA and BDBA films deposited at 200 °C in 700 cycles and 300°C in 

1500 cycles. Image area in each panel is 2 x 2 µm2 as seen in 3D images on the right side.  

 

Simulation of the XRR pattern for the sample deposited at 200 °C produced a good fit with the 

measurement and revealed film density of around 2.5 g/cm3. For the sample deposited at 300 °C, the 

density was fitted to 3.1 g/cm3. The higher density of this sample corresponds well with the lower 

growth rate value shown in Figure 33 for the sample deposited at around 300 °C. The surface 

roughness was measured with AFM in non-contact mode and showed a decrease of root mean square 
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(RMS) roughness with increasing temperature. RMS roughness the film deposited at 200 °C is 

0.95 nm while the film deposited at 300 °C is 0.71 nm. Such low values and smoothness are typical for 

amorphous materials.  

 

The chemical bonding of the same samples was investigated by UV-Vis transmission spectroscopy. 

Figure 36 presents the transmittance of a roughly 100 nm thick hybrid sample deposited at 300 °C 

(red) and approximately 60 nm thick film deposited at 200 °C (blue). The black curve illustrates the 

background, which in this case was an uncoated silica crystal used for comparison with the two others 

as deposited. In addition, transmission spectra of thicker Al2O3 films deposited at 200 °C (dark blue, 

220 nm) and 300°C (magenta, 150 nm) are added to Figure 36.  

 

 
Figure 36: UV-Vis spectrum of an uncoated silica substrate (black), a ca. 80 nm thick hybrid TMA and BDBA film deposited 

at 200 °C (dark blue), a ca. 90 nm hybrid TMA and BDBA film deposited at 300 °C (red) and a ca. 145 nm thick Al2O3 film 

deposited at 300°C (sky blue). Finally, a ca. 290 nm thick Al2O3 film deposited at 200 °C (light purple). 

 

Figure 36 shows a clear difference between the two sets of samples. The first set of films deposited 

with TMA and BDBA at 200 and 300 °C show signs of absorbance between 230 and 250 nm. The 

absorbance is slightly higher for the sample deposited at 200 °C. This could indicate the presence of 

aromatic bonds, or the presence of a benzene ring originating from the BDBA structure. This may also 

be the case for the sample deposited at 300 °C. The second set of much thicker Al2O3 films show 

seemingly high transmittance with oscillating interference patterns that may originate from the 

thickness of the film.  

 



48 
 

FTIR in reflection mode was also used to identify differences between the Al2O3 film and the films 

deposited with TMA and BDBA. Figure 37 displays the reflectometry results of four samples: An 

Al2O3 film deposited at 300 °C using pulse and purge sequence 0.4s/1s/0.3s/3s of TMA and H2O, a 

TMA and BDBA film deposited at both 200 and 300 °C using the standard pulse and purge sequence. 

The fourth sample is an Al2O3 film deposited at 200 °C using pulse and purge sequence 

0.4s/1s/0.3s/3s.  

 

 
Figure 37: Spectra obtained after FTIR measurement in reflection mode. A ca. 145 nm thick Al2O3 film deposited at 300 °C 

(sky blue), a ca. 100 nm thick hybrid TMA and BDBA film deposited at 300 °C (red), a ca. 90 nm thick hybrid TMA and 

BDBA film deposited at 200 °C (light purple) and a 290 nm thick Al2O3 film deposited at 200 °C (dark blue). Indexed areas 

in the figure represent the area display the most eminent reflection.  

 

The most significant difference between the films with Al2O3 and those with BDBA is two peaks 

located at 1446 and 1244 cm-1. These occur only for the film deposited at 200 °C (most optimal 

growth temperature as seen in Figure 33) and may correspond to C-C stretch in the aromatic ring and 

the B-O or C-H bonds respectively. The reflectometry curve for the TMA and BDBA film deposited at 

300 °C contain much less of these vibrations, but it is still not identical to the reflectometry curve of 

Al2O3 film deposited at the same temperature. In all four samples, the high-intensity dip of reflection 

or the stretch between 940 and 960 cm-1 is most probably from the Al-O bond. However, the stretches 

for TMA and BDBA films in this area are slightly shifted to the right.  

 

An overview of the concentrations of each of the element found on the surface of the film deposited at 

200 °C was obtained using XPS. The film was deposited using 0.4s/1s/20s/8s as pulse and purge 

parameters. The general survey scan is presented along with high-resolution spectra from the regions 
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of interest in Figure 38. The relative atomic percentages of these regions and the location the peaks 

expressed in eV are displayed in Table 15.  

 

 
Figure 38: A general survey scan of the sample deposited using TMA and BDBA 200 °C (top). Together with the survey 

scan, high-resolution scans around B 1s, O 1s, C 1s, and Al 1s signals are resolved and presented on the right side with peak 

fitting performed for each of the signals (down). The green line under the raw data and the peak fitting represents the 

background. 

 

Table 15: Overview of the contents of the different elements on the surface of the sample deposited with TMA and BDBA. 

Peak locations are also presented as well as FWHM and integrated area.  

Name  Peak BE FWHM (eV) Area (P) CPS vs eV Atomic (%) 
Al 1s 75.1 2.1 1623.2 22.2 
C 1s Scan A 285.2 2.5 2107.8 17.2 
C 1s Scan B 290.1 2.7 347.4 7.3 
B 1s 192.4 3.3 345.4 7.3 
O 1s 532.4 2.9 16197.5 50.5 
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The general survey showed the presence of a B 1s signal at around 192 eV, C 1s at 285 eV (Scan A) 

and 290 eV (Scan B) and O 1s at 532 eV. The high-resolution scan for boron is fitted with only one 

component in Figure 38 and Table 15 reveals both a much higher signal for boron than it would be for 

an uncoated silicon substrate. The boron content is ca. 7.3%. The one component fitting may 

correspond to one environment where B is connected to C (from the aromatic unit) and B to O (from 

B-OH). The prominent O 1s peak at around 532 eV seen in the high-resolution scan indicates that 

oxygen is present in also one environment. There are two C 1s peaks present on the surface, perhaps 

representing either B-C or Al-C bonds from unreacted TMA. Aluminum and oxygen content was at 

22.2 and 50.5 % respectively, indicating an Al-O ratio of little over 1 to 2.   

 

 The TiCl4 and BDBA system 

 

The reaction between TiCl4  and BDBA was investigated by first attempting to deposit a film at 200 °C 

using 100 cycles of a 0.5s/1s/20s/8s pulse and purge sequence.  The results of this deposition are 

displayed in the following Table 16.  

 

Table 16: Thicknesses before and after deposition of BDBA with TiCl4. Ellipsometry measurement was done right after the 

deposition.  

TiCl4 with BDBA Thickness (nm) The standard deviation: 0.0394 nm 
Substrate number Si1 Si2 Si3 
Before deposition 3.10 4.10 4.82 
After deposition 39.48 37.16 34.84 

  

As seen in Table 16, some form of reaction has occurred, resulting in approximately 30 nm film after 

subtracting the thickness of the silicon substrate before deposition. After this deposition, an additional 

CVD test was done using a single precursor (TiCl4), and the result of this deposition was no film 

growth. This indicates that the acquired film from the initial deposition is not TiO2, but instead a film 

that may contain boronic acid. However, more conclusive evidence is required to differentiate the 

acquired films from one another.  

 

A QCM characterization was performed for this material system. This time only the data of one QCM 

unit was used due to technical difficulties. The deposition parameters are 0.5s/1s/20s/5s for TiCl4 and 

BDBA. It is worth noting that the pulse and purge sequence for depositing TiO2 is much shorter than 

the sequence for TiCl4 and BDBA film. The result of this QCM experiment is presented in Figure 39. 

A mass increase is seen in both cases during the TiCl4 pulse, but it is most notable for the TiCl4 and 

water sequence. During the TiCl4 purge in the case of TiCl4 and BDBA, the mass drops quite rapidly, 

and we are unsure why, but it may be due to the removal of physisorbed material. The following 



51 
 

BDBA shows signs of saturation, and it is clear that the reaction between TiCl4 and BDBA has 

occurred. This system is, therefore investigated further.  

 

 
Figure 39: QCM signal response for the TiCl4 and water (red) and TiCl4 and BDBA (blue) systems as a function of cycle 

numbers (a) and time (b). Deposition parameters are described in Table 7. Due to technical difficulties, only the data 

registered by the front QCM unit is used in this figure. The blue boxes in a) represent purging while the yellow one indicates 

the TICl4 pulse. 

 

By changing individual pulses and purges from the standard pulse and purge sequence 0.5s/1s/20s/8s, 

as displayed in Figure 40, we could study the growth rate of the system and find the most optimal 

deposition parameters. We observe that 1 s pulse of TiCl4 is sufficient to reach saturation, while the 

following TiCl4 purge step results in a slow decrease of mass. BDBA, on the other hand, requires 

approximately 40 s to reach saturation, with a mass slightly decreasing (followed by an increase) with 

the following purge. 40 s is therefore used as a standard pulse length for BDBA, while 8 s seems to be 

enough for the purge length. 
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Figure 40: The growth rate of the hybrid TiCl4 and BDBA system as a function of a) TiCl4 pulse b) TiCl4 purge c) BDBA 

pulse and d) BDBA purge as measured by QCM. Two QCM units were used, placed approximately 5 cm from each other, 

one positioned in the front of the reaction chamber (black triangles) and one in the back (red circles). 

 

Figure 41 shows the frequency change as a function of time for one cycle for the TiCl4 and BDBA 

system, deposited at 200 °C. This measurement shows saturation of the TiCl4 after around 1 s, while 

around 40 s pulse for BDBA is seemingly required to reach saturation.  

 

 
Figure 41: QCM measurement for hybrid TiCl4 and BDBA system using deposition parameters described in Table 7. The 

experiment is done at 200 °C, while the figure shows the mass increase (and loss) as the precursors TiCl4 and BDBA are 

pulsed and purged. The black line represents the statistical average over 20 consecutive cycles along with their standard 

deviation, presented in red. 
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Like for the material system with TMA and BDBA, the growth rate was investigated for TiCl4 and 

BDBA system at various deposition temperatures. The proposed pulse and purge lengths based on 

Figure 40 was 1.5s/1s/40s/8s. The thickness of the samples was measured directly after depositions. 

The highest growth rates of 1.3 Å/cycle and 1.2 Å/cycle were obtained at 230 and 260 °C respectively, 

indicating an MLD window, between these temperatures. The results of this investigation are 

displayed in Figure 42. The refractive index is lowest at 230 and 260 °C. The transparent blue data 

points in Figure 42 represents the thicknesses of TiO2 films deposited using pulse and purge sequence 

0.5s/3s/0.5s/3s and are presented as a comparison to the thicknesses of TiCl4 and BDBA films. The 

growth rate seems to increase from 0.8 Å/cycle to 1.4 Å/cycle with increasing deposition temperature. 

The refractive indices of these oxide films decrease slightly with deposition temperature, but, 

compared to hybrid films, have much higher values.  

 

  
Figure 42: Growth rate and the refractive index of the hybrid TiCl4 and BDBA system as a function of deposition 

temperatures. The growth rate of one TiO2 is also added to the figure represented by the light blue color. 

 

Like in the TMA and BDBA system, the sensitivity to humidity was tested on one of these TiCl4 and 

BDBA films deposited at 260 °C using 1000 cycles. Putting a drop of water on the substrate that was 

in front (in the reaction chamber) during the deposition and then removed it shortly after by absorbing 

it into a Kleenex tissue did not cause changes in thickness. The following Table 17 presents the result 

of the experiment. 

 

Table 17: Measured thickness of the TiCl4 and BDBA film deposited at 260 °C right after deposition and after water 

treatments (VP3161). The standard deviation of the thickness values is 0.0394 nm. 

Time As deposited Right after the 
water drop  

24h after the 
water drop 

1 week after the 
water drop 

Thickness 42.90 nm 43.12 nm 43.09 nm 43.42 nm 
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GIXRD was used to investigate the crystallinity of the films from the predicted MLD-window. The as 

deposited films at both 230 °C (1000 cycles, ca. 70 nm) and 260 °C (1000 cycles, ca. 45 nm) are x-ray 

amorphous for a 2θ range 2 - 40 ° (Figure 43a). An XRR measurement was also performed in 

combination with an AFM analysis for these hybrid films deposited at 230 and 260 °C in Figure 43b) 

and c), respectively. The densities of the hybrid films were found to be rather low in comparison to the 

films of the corresponding titanium oxide. The densities of TiCl4 and BDBA films deposited at both 

230 and 260 °C were estimated to be 1.4 g/cm3 and 1.8 g/cm3 respectively as seen in Figure 43b), 

whereas the TiO2 films deposited later at both temperatures have densities between 3.2 and 3.7 g/cm3. 

 

 
Figure 43: a) A diffractogram of a ca. 45 nm TiCl4 and BDBA film deposited at 260 °C (black), and a ca. 70 nm TiCl4 and 

BDBA film deposited at the 260 °C (blue). b) XRR patterns of TiCl4 and BDBA films deposited at 260°C (black), 230°C 

(blue) with data fitting (red). c) The topography of the TiCl4 and BDBA films deposited at 230 and 260 °C with 1000 cycles 

are presented on the left. Image area in each panel is 4 µm x 4 µm as seen in 3D images on the right. 

 

The transmittance in the UV and the visible area was investigated using UV-Vis spectroscopy for 

samples deposited using TiCl4 and BDBA at 230 and 260 °C. Also, the transmittance of a TiO2 film 

deposited at 200 °C is presented in Figure 44, along with the uncoated substrate. The uncoated silica 

substrate and the TiO2 film has relatively high transparency in both the UV and the visible range, while 

the films containing BDBA absorb light with a wavelength of ca. 240 nm.  
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The absorbance in the visible range increases with increasing deposition temperature. On the other 

hand, the TiO2 film deposited at 200 °C seems to have much lower absorbance in the UV range and 

some in the visible range.  

 

 
Figure 44: UV-vis spectroscopic analysis of thin films deposited using TiCl4 and BDBA at 230 °C (blue), at 260 °C (red). 

The green curve presents the transmittance spectra of TiO2 film deposited at 200 °C.  

 

The FTIR in the transmission mode of both the hybrid TiCl4 and BDBA and the TiO2 films were 

recorded, and results are shown in Figure 45. The TiO2 film was deposited by TiCl4 and H2O at 230 °C 

using pulse and purge sequence 0.5s/1s/0.3s/3s. The TiCl4 and BDBA films were deposited at both 

230 and 260 °C using the standard pulse and purge sequence chosen after QCM experiments. Like in 

the case with TMA and BDBA, Figure 45 contains the FTIR spectrum of both the oxide and hybrid 

films to try to verify the formation of the hybrid film. There are both differences and similarities 

between the oxide and the hybrid films FTIR spectra.  

 

The most visible difference is the area between 2900 and 3400 cm-1 attributed the –OH bond, which 

may indicate the presence of moisture or represents the addition of water molecules to TiCl4. No such 

bonds are present for the hybrid films indicating that the hydroxyl groups of BDBA have possibly 

reacted in the depositions. The area under 500 cm-1 represent the Ti-O, but like in the case with TMA 

and BDBA, the Ti-O peak is slightly shifted towards higher wavenumber. The stretches at 1419 cm-1 

may correspond to the C-C stretching within the aromatic ring (from BDBA).  
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Figure 45: FTIR spectra in transmission mode for a ca. 60 nm thick TiO2  film deposited at 230 °C (sky blue), a 40 nm thick 

TiCl4 and BDBA film deposited at 230 °C (dark blue) and a ca 70 nm thick TiCl4, and BDBA film deposited at 260 °C (red).  

 

An XPS analysis of the sample from Table 16 deposited with TiCl4 and BDBA was performed. In 

Figure 46, the general survey scan is presented on the top along with four high-resolution spectra 

under, used for the study of the chemical stoichiometry of the surface. The relative atomic percentages 

of these areas, but also the location of these expressed in eV are displayed in Table 18. 

 

Table 18: XPS spectra of TiCl4 and BDBA sample from Table 3 at 200°C using 100 cycles. 

Name Peak BE FWHM (eV) Area (P) CPS vs. eV Atomic (%) 
B 1s 191.6 1.6 503.2 13.4 
C 1s Scan A 284.4 1.5 2418.3 21.9 
C 1s Scan B 284.8 2.1 1769.2 18.3 
O 1s Scan A 532.9 1.9 5282.6 20.8 
O 1s Scan B 530.8 1.9 3999.5 15.7 
Ti 2p3 459.1 1.9 2714.2 9.8 

 

The high-resolution scan for boron is fitted with only one component in Figure 46 and Table 18 

reveals both a much higher signal for boron than it would be for an undeposited silicon substrate and 

the atomic percentage of 13.40%. The prominent O 1s peaks at around 530 eV and 533 eV seen in the 

high-resolution scan may indicate oxygen present in two different environments, one bonded to 

titanium and possibly one to boron or even an environment as an OH group. Based on these results, it 

may be that BDBA is present in the film. On the other hand, due to the spin-orbit splitting of 

approximately 5.8 eV, Ti 2p level is split into two peaks Ti 2p3/2, and Ti 2p1/2 and these two are at 

457.0 and 462.0 eV, possibly representing Ti-O bonds.  
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Figure 46: A general survey scan is presented with O 1s, Ti 2p, C 1s, and B 1s signals resolved (top). High-resolution scans 

around these signals peak fitting performed for each (down). The green line under the raw data and the peak fitting represents 

the background.  

 

 The TMA and BDBA-BPE system 

 

Substituting BDBA with BDBA-BPE and doing a similar QCM experiment offers the possibility of 

testing another unknown reaction concerning ALD. Before this, test depositions of TMA and BDBA-

BPE films were first attempted to examine the reactivity of BDBA-BPE towards TMA as well as 

getting a little estimate of possible pulse and purge lengths. The deposition was done at 200 °C in 100 

cycles of a 0.4s/1s/60s/8s/ pulse and purge sequence. The result of this deposition is displayed in the 

following Table 19.  
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Table 19: Thicknesses before and after deposition of TMA and BDBA-BPE 

TMA and BDBA-BPE Thickness (nm) The standard deviation: 0.0394 nm 
Substrate number Si1 Si2 Si3 
Before deposition 3.12 3.10 3.19 
After deposition 11.86 10.40 11.06 

 

As seen in Table 19, the reaction between BDBA-BPE and TMA seems to have occurred. Clear 

recrystallization of BDBA-BPE was observed in the precursor tube, indicating suitable sublimation 

temperature of BDBA-BPE was reached. Additional CVD test done after this deposition using TMA 

seemingly showed no growth of Al2O3. The acquired films could suggest a film with boron moieties 

inside, so the decision was to characterize the material system further using QCM. Deposition 

parameters are described in Section 3.1 and Table 8.  

 

 
Figure 47: A QCM response test done for TMA and water (red) system and TMA and BDBA-BPE (blue) system. The 

deposition temperature was 200 °C using pulse and purge sequences 0.3s/3s/0.3s/3s and 0.4s/1s/60s/8s for TMA and water 

and TMA and BDBA systems, respectively. Only the signal of the front crystal A is considered. 

 

The frequency changes registered at A crystal unit (front) for the reaction between TMA and BDBA-

BPE are under 10 Hz, indicating no significant reaction between these two precursors. The frequency 

change increases only with the TMA pulses while we observe large mass loss with BDBA-BPE 

pulses. This may be due to the molar weight of BDBA-BPE. The frequency changes for the Al2O3 
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cycles are at least five times higher, indicating much higher growth. Even though there was 

measurable growth after the TMA and BDBA-BPE deposition and no growth with the following CVD 

test, it still might be that there were leaks in the reactor during the test deposition. Combined with the 

results of the QCM experiment where we observe no significant mass gain during BDBA-BPE pulse, 

the decision was not to continue characterizing this material system.  

 

 The BDBA and BH system 

 

A QCM characterization was attempted for the material system BDBA and BH in the hope that 

reducing the size of the precursor and lowering sublimation temperature would result in a reaction 

between these two precursors. Deposition parameters are described in Table 9. The results of the 

characterization are presented in Figure 48. Figure 48a) shows the frequency change as a function of 

several cycles, while b) presents the same change as a function of time.   

 

 
Figure 48: A QCM characterization done for TMA and BH (blue) system using pulse and purge sequence 0.5s/1s/50s/8s, for 

TMA and water system (red) using pulse and purge sequence 0.4s/1s/0.3s/3s and 20s/8s/10s/5s for BH and BDBA system 

(black). The experiment was done at 200 °C while the figure displays frequency change as a function of the number of cycles 

(a) and time in seconds (b). Only the signal of the front crystal A is considered. 
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Focusing on the sequence containing BH and BDBA, Figure 48a) shows no significant growth for this 

particular sequence, as there is no significant frequency increase. This may be due to geometric 

difficulties when first pulsing BH and then BDBA. Some signal is observed, but this is very low. 

When pulsing TMA first and then BH, a much higher frequency response is obtained. The references 

with TMA and water are shorter sequences and exhibit a different frequency response than the 

sequences with TMA and BH. This QCM characterization ultimately shows no MLD growth of film 

based on the BH and BDBA. However, there is some MLD growth of films based on TMA and BH. 

This material system is, therefore investigated further in the following chapter.  

 

 The TMA and BH system 

 

Finally, the self-limiting growth of the TMA and BH system was investigated. As previously, this was 

performed concerning the change of one pulse or one purge lengths at a time of the proposed standard 

pulse and purge sequence of 0.4s/1s/40s/8s, as seen in Figure 49.  

 

 

Figure 49: The growth rate of TMA and BH system as a function of a) TMA pulse b) TMA purge c) BH pulse and d) BH 

purge. Two sensors were used, placed approximately 5 cm from each other, one positioned in the front of the reaction 

chamber (black triangles) and one in the back (red circles) 

 

Saturation of the surface by BH molecules is not achieved even after 70 seconds, according to 

Figure 49. This is most probably not due to lack of vapor pressure of the molecules, as BH 

recrystallizes in the precursor tube. The alternative is most probably slow kinetics. Only one cycle is 

presented in Figure 50 due to the length of both TMA and BH pulses 0.5s/1s/40s/8s. The red line 

represents the standard deviation of the QCM measurement. As shown, in Figure 50, the material 

system based on these two does not exhibit the most definite sign of self-limiting growth. The TMA 
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pulse shows a clear mass increase, while the mass decrease with following BH pulse and the eventual 

rise is not normal behavior. The mass gradually increases, but it does not seem to saturate the surface 

of the crystal due to short exposure of BH.  

 

 

Figure 50:  QCM measurement for hybrid TMA and BH system using pulse and purge sequence 0.5s/1s/40s/8s. The 

experiment is done at 200 °C. The red line shows the standard deviations of the QCM data, while the cyan areas indicate the 

nitrogen flow is purging the excess or unreacted precursors on the surface of the crystal units.  

 

Due to limited amounts of BH precursor, the above hypothesis regarding the need of longer BH pulse 

was not possible to investigate further, so the plan became to do one last deposition with 90 s pulse 

placing different kinds of substrates to have the possibility of characterizing this hybrid system further 

using different methods. The films were investigated for their stability in air. This was done by 

monitoring the thickness and refractive index of the film right after and at different times after 

deposition, as displayed in Figure 51.  

 

 
Figure 51: Air stability investigations by measuring thickness and refractive index as a function of time with a square root 

dependency on the time scale for the hybrid TMA and BH film deposited at 200 °C. Samples considered are front, middle 

and back substrates in the reaction chamber with thicknesesses measured on three different places on each substrate. The 

mean values of these three are presented in the figure.  
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The values taken are the mean thickness values measured at three different places on each substrate in 

the reaction chamber. Hybrid films from this deposition show some increase of thickness and 

refractive index about 15 hours after the deposition. Afterward, these values seem to be stabilized, 

indicated by the trend line is quite flat compared to the beginning. The chemical mechanism of this 

increase is not very clear, but it may be an undesirable reaction between the hybrid film and moisture 

(and oxygen).  Figure 52a) presents the results of GIXRD, while b) shows the AFM measurement. 

 

 
Figure 52: a) A diffractogram of three samples taken for characterization right after deposition. A ca. 150 nm thick TMA and 

BH film deposited at 200 °C (black), a TMA and BH film around 150 nm thick deposited at the 200 °C (red). Also, a 

diffractogram of 240 nm thick Al2O3 deposited at 200 °C is included (blue). b) The topography of the TMA and BH films 

deposited at 200 °C in 1500 cycles. Image area in each panel is 1 µm x 1 µm.  

 

These as deposited hybrids as deposited films at 200 °C show amorphous character. The GIXRD 

patterns of two thick Al2O3 films deposited at 200 and 300 °C were considered, for comparison. 

Thicknesses of the film on the silicon substrate closest to the exhaust (III) and the one furthest away 

(I) was around 150 nm, while the Al2O3 film is about 240 nm. The same TMA and BH films deposited 

on Si(100) were investigated by AFM (in non-contact mode) to determine surface parameters such as 

roughness. The RMS roughness of these films compared to films based on BDBA and either TiCl4 or 



63 
 

TMA are somewhat higher. Simulation of the XRR pattern could not give reliable information about 

the thickness of the film but revealed a density of 2.5 g/cm3.  

 

UV-Vis measurements were done for an uncoated silica substrate, a TMA and BH film and two Al2O3 

films both deposited at 200 and 300 °C. The results of these measurements are displayed in Figure 53, 

where we can confirm the presence of aromatic units present in the structure of TMA and BH film. 

For this film, the absorbance is quite high in the wavelength region between 200 and 250 nm, and the 

Al2O3 films exhibit no absorption in this region. Oscillating fringes due to high thickness is the same 

behavior seen in the TMA and BDBA system. The oxide films display almost the same transmittance 

as the uncoated silica substrate.  

 

 

Figure 53: UV-vis spectroscopic analysis of an undeposited silica crystal (black) a thin film deposited using TMA and BH at 

200 °C (red). The blue and magenta curve presents the transmittance spectra of Al2O3 film deposited at 200 and 300 °C 

respectively. The measurement is done in the range between 200 and 900 nm. 

 

To verify further the presence of the intended organic units, Figure 54 displays the results of the FTIR 

reflectometry and transmittance measurements as a function of wavenumber for three samples. The 

flat and very straight black curve is the transmittance spectrum for an uncoated substrate, while a red 

represents spectra of TMA and BH film deposited at 200 °C using pulse and purge sequence 

0.4s/1s/90s/8s, and the blue represents the Al2O3 film deposited at 200 °C using pulse and purge 

sequence 0.4s/1s/0.3s/1s.  



64 
 

 
Figure 54: a) Reflectometry FTIR measurement of an uncoated steel substrate (black), of an as deposited TMA and BH film 

deposited at 200°C (blue) and an as deposited Al2O3 film (red). The thickness of the sample represented by the red curve is 

around 240 nm, while the sample represented by the blue curve has a thickness of around 150 nm. b) Transmittance FTIR 

spectra of an as deposited TMA and BH film deposited at 200°C (blue) and an as-deposited Al2O3 film (red). The thickness 

of the sample represented by the red curve is around 240 nm, while the sample represented by the blue curve has a thickness 

of about 150 nm. 

 

5 Discussion 

 

This chapter will first discuss the thermal properties of the precursors listed in Table 1 (Chapter 3). 

The discussion is then divided into three, where we first discuss the results obtained for the growth of 

COF-1 and COF-5. Two other parts are discussed through four categories, which are growth, optical 

properties, bonding, and composition of the obtained boron and lastly BH based hybrid films. All of 

the results are compared to each other and relevant literature. 

 

 Precursors and their thermal properties 

 

At the beginning of the work, both the precursor tester and TGA were used to investigate the 

suitability of the precursors BDBA, HMTP, BDBA-BPE, and BH by characterizing their thermal 

stability. Both of the methods above were performed under conditions that emulated an actual ALD 

deposition as much as possible. The instruments operate under different pressures, so differences in 

the results obtained from TGA and precursor tester may originate from the pressure variations. 
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Generally, an ideal precursor should have a rapid mass drop (or a change in frequency) over a small 

temperature range correlating to volatilization of the precursor. Note that the volatilization should not 

be too rapid either, as it could lead to high consumption affecting the efficiency of a deposition 

process. The temperature at which the precursor is sublimating must be compatible with other parts of 

the process, as well as the equipment. Ideally as low as possible.   

 

The sublimation temperature of BDBA was initially set to 130 °C based on the results gained from 

both the precursor tester and TGA. This is in accordance with the experience earlier reported by 

Pawlak et al.[62], (130 °C) and Zwaneveld et al.[59] (150 °C) who also show a similar mass loss process 

as the one recorded in this work (Figure 24). Based on all these findings and our practical experience, 

a sublimation temperature of 150 °C was used. Sublimation of HMTP occurs at about 200 °C, but the 

volatilization occurs very slowly, as it takes place over a much longer temperature range. The thermal 

properties of HMTP are not well researched, and we have only found one prior report mentioning that 

HMTP could “further be purified by sublimation at 185°C and 0.03 Torr“[127]. This temperature is 

lower than our experience (Figure 24 and 25), which has resulted in the use of 215 °C as the 

sublimation temperature.  

 

BDBA-BPE sublimates at around 80 °C without any residues as shown by the TGA and the precursor 

tester. No residual mass indicates that BDBA-BPE does not decompose into a high molecular weight 

solid, which may be the case for BDBA that had about 55 % remaining mass indicating possible 

polymerization process into a boroxine structure and eventually COF-1 (Figure 5a). Comparing this to 

the results obtained from the precursor tester, we no longer see a frequency change for BDBA after 

240 °C (Figure 25), which may be related to the polymerization process also, unlike BDBA-BPE, 

which loses all of its mass after around 90 °C (as evidenced by very rapid frequency increase 

displayed in Figure 25). Sublimation temperature of BH was determined to be 125 °C using the 

precursor tester based on the observable first major frequency change in Figure 25. However, the 

whole sample elevates at one point of the experiment (around 225 °C), which is possibly due to a 

popcorn effect ejecting the sample (as seen in Figure 55). 

 

 
Figure 55: One part of the sample BH is starting to elevate at around 225 °C and is removed from the sample holder during 

the last part of the temperature profile at around 250 °C. This elevation causes the change in the frequency slope in Figure 25 

(green curve).  
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 The reaction of BDBA with itself  

 

In the CVD growth of polymeric materials, a vapor of a precursor must be transferred from one part of 

the ALD reactor to another to arrive at the surface substrate and adsorb, undergoing chemical 

polymerization. The overall rate of this process can be controlled by either the abovementioned 

transfer or the polymerization on the surface of the substrate[8]. In CVD, growth might also occur in 

the gas phase, which can be a problem. The OH groups of the boronic acid moieties are efficient 

hydrogen bond donors and acceptors[128, 129]. We know that BDBA tends to polymerize due to the 

irreversible character of the dehydration reactions, such as in Figure 5a).  

 

Our idea was to investigate the polymerization of BDBA and test if it occurs on the surface of a silicon 

substrate in a CVD type process to make COF-1 structure. Since we dealt with such dehydration 

reactions as displayed in Figure 5a), the COF-1 inside the reactor would give water as a byproduct. 

We will return to this bi-product later when discussing the other growth systems where BDBA is 

involved. The outcome of the test deposition was no growth on the silicon substrates, which may 

indicate that the reaction occurred already in the gas-phase leading to no available monomers that 

could diffuse through the reactor onto the substrate and react or just that the reaction rate at which 

COF-1 would be created is too slow to occur.  

 

 The BDBA and HMTP system 

 

5.3.1 The study of growth  

 

The formation of COF-5 typically occurs as described in Figure 5b) in a polymerization reaction with 

BDBA and HHTP producing the boronated ester-linked framework[50, 52, 53]. HHTP, as the building 

block in this reaction, is a polycyclic compound with the six-hydroxyl group. In terms of an MLD 

process, the volatility of a precursor is dictated by its intermolecular forces, such as its size and 

presence of functional groups capable of forming polar bonds. The effects of the functional groups can 

though be compensated by replacing them with less polarizing groups, such as replacing hydroxyls 

with methoxy groups. Our choice of precursor to HMTP was based on this latter part, in addition to 

challenges obtaining HHTP. The thermal properties of HHTP were therefore not tested in this work.  

As reported, test deposition with BDBA and HMTP did not result in convincing film growth.  

 

This may be due to the decomposition of the HMTP molecule before vaporizing, which is supported 

by the range of volatilization of HMTP discussed earlier (quite long). Even though we observed the 

mass loss of HMTP during TGA, it may be that we do not obtain growth possibly due to molecular 

fragmentation of HMTP. Another explanation may be that reaction rate when using methoxy groups 
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on HMTP is simply too slow for this MLD process. When comparing the frequency slopes of the 

TMA and water and TMA and BDBA sequences in Figure 28 we observed same order of magnitude 

of the frequency change, so we prioritized to find out if BDBA is participating in the growth or if we 

are just growing oxides films with TMA and the byproduct. Figure 56 presents 3 cycles out of 30 

cycles of the reference TMA and water sequence and 3 cycles of the 100 cycles of TMA and BDBA 

sequence (taken from Figure 28). This is to discuss differences and similarities between the two 

sequences. 

 

 
Figure 56: Three cycles of TMA and water reference sequence (blue) and three cycles of TMA and BDBA (red) extracted 

from Figure 28 to discuss differences and similarities between the two. The extraction is only done for the front crystal A. 

The box marked with yellow represents TMA pulse while all of the gray boxes represent purging.  

 

We see that the TMA pulse in both cases saturates the surface after 0.4 s, while the following purge 

showed no significant mass reduction. The water pulse in the reference sequence show typical 

saturation after 0.3 s, which we would expect to reach with the BDBA pulse in the TMA and BDBA 

sequence if BDBA polymerized in the precursor boat and released water as a by-product. Instead, we 

see a mass gain, but unfortunately, the pulse length (15 s, as described in Table 3) is not long enough 

for BDBA to reach saturation.  

 

Other than that, it was difficult to confirm if the reaction between TMA and HMTP occurred and that 

is why Figure 29 was used verify the insignificance of the frequency changes by comparing the 

frequency slopes in the two experiments (Figure 28 and 29) for the TMA and HMTP sequences. In 

contrast to this result, the growth of TiCl4 and HMTP was observed after test depositions did earlier in 

the project. It was interesting to observe that it did not occur on the silicon substrate but instead on the 
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glass plate supporting the Si substrate, indicating a possible selective growth. A red/orange color was 

observed on the glass, which was different from the color that TiO2 films usually have[130]. An image 

of a part of the glass plate is presented in Figure 57 b).  

 

 
Figure 57: a) An image of an uncoated piece of the glass plate. b) A piece of a glass plate coated with TiCl4 and HMTP at 

300 °C, when the sublimation temperature of HMTP was 215 °C. Sufficient recrystallization was observed which indicated 

that a flow of precursor entered into the reaction chamber during deposition c) A piece of TiO2 coated glass plate. 

 

5.3.2 Chemical composition 

 

The XPS analysis of a film deposited on another part of the same glass plate shown in Figure 56 gave 

a carbon and oxygen feature that did not correspond well with the atomic ratio in the HMTP molecule. 

We expected a 1:2 between the carbon and the oxygen, and obtained 1: 3.3. This may be due to 

additions of adventitious carbon [131]. On the other hand, the Ti: O ratio is not in good agreements with  

TiO2
[132] while the 1:1 ratio of C to O may be a sign of more oxygen in the sample than just plain 

HMTP (where the ratio should be 1:3). It was also interesting to observe a high amount of sodium 

present in the sample, which may explain the selectivity of the growth. It may be that the presence of 

such alkaline earth metal can actively influence the thin film growth.  

 

The XPS investigation of the substrates involved in test deposition with BDBA and HMTP showed an 

atomic weight of boron of around 0.8%. Such low atomic weight of boron corresponds well with 

previous works done regarding the XPS analysis of SiO2 surfaces and spectra of B 1s at around 

250 °C. The presence of boron is most likely be due to doping of the silicon wafers[133] and can in this 

case not be taken as an indication of the presence of BDBA. Note that it is sometimes difficult to 

detect and confirm the origin of boron due to strong Si 2s plasmon loss features typically overlapping 

the B 1s region[134]. Only one carbon peak is observed at 284.5 eV, which is due to an adventitious 

carbon present in the film[135].  
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 The hybrid BDBA systems 

 

5.4.1 The study of growth, optical and structural properties 

 

As shown in Figure 31a) the TMA molecule was chemisorbed on the surface to form the methyl-Al 

terminated surface after 0.4 s, while the growth rate increased with increasing pulse length of BDBA 

(instead of reaching a saturation plateau). Similar behavior was acknowledged by Dr. Lausund[136] in 

his Ph.D. dissertation experiencing delayed saturation when pulsing 2,6-naphtalenedicarboxylic acid 

(H2- 2,6-NDC) which was later explained by the low vapor pressure of the molecule and the steric 

effects making reaction sites on the surface of the crystal being partially blocked. The vapor pressure 

problem of BDBA is most likely not a problem in this case since we had the right temperature in the 

reactor during experiments, but it is important not to use it at higher temperatures, since it may lead to 

polymerization or even decomposition. 

 

For the hybrid TiCl4 and BDBA system, the details of mass gain and loss introduced by each precursor 

in one whole cycle were presented in Figure 41, where we investigated the growth rate as a function of 

time. The initial mass gain was seemingly due to chemisorption of TiCl4 to the surface of the QCM 

unit leading to an exchange reaction between two chlorines in TiCl4 and the lighter hydroxyl groups 

from the BDBA molecule resulting in a mass increase (Figure 41). The byproduct of this exchange 

would be HCl. The course of the following purge step, however, is not as expected. Possible 

explanations of the quite large and rapid mass loss during the purge may be: 

 

1)  A temperature effect due to the exothermic reaction between the boronic acid moiety and TiCl4 

 

As the QCM unit is exposed to the deposition parameters, the deposited structure on the crystal causes 

the frequency to change as mentioned both in Chapter 2.4.1 (page 18) and in the Chapter 5.3.1. 

Generally, the primary source of measurement error for the crystal units is the temperature variations 

of the crystal (Chapter 2.4.1 page 19). For the growth of hybrid TiCl4 and BDBA films, a possible 

exothermic reaction between the two precursors during TiCl4 pulse may have given rise to a 

temperature increase of the QCM unit, causing a rapid change in frequency, which may be observed as 

a rapid mass loss during the following purge. It has been shown that such thermal effects occur in 

metal oxide deposition processes, such as Al2O3 processes and with molybdenum[137]. It is uknown if 

the between TiCl4 and BDBA is exothermic or endothermic.  

 

2)  Rapid mass loss during purge may be attributed to etching reactions that occur when removing 

the possibly created byproduct HCl, which may eliminate the already adsorbed BDBA molecules 

(with parts of TiCl4).  
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The two hydrochloric acid molecules produced during exchange when pulsing TiCl4 could have 

reversibly reacted back to the oxygen between the titanium and boron and thereby forcing an 

expulsion of the already adsorbed BDBA molecule from a previous pulse. Simplified overview of how 

etching would take place is presented in Figure 58.  

 

 
Figure 58: A simplified schematic representation of a possible explanation of the rapid mass loss during TiCl4 purge. During 

the pulse step, two chlorines in TiCl4 are exchanged to lighter hydroxyl groups from the BDBA molecule resulting in a mass 

increase. The byproduct of this exchange is HCl that may have reversibly reacted with oxygen (red arrows).  

 

Similar mass loss during the purge step has not been observed in the system with TMA and BDBA, 

indicating that the byproduct, in this case, may have been involved in the growth possibly affecting the 

uniformity of the films. In an article by Nilsen et al.[138], same mass loss observations during the purge 

step were made when using diethyl zinc (DEZ) and 8-hydroxyquinoline (q) as precursors. They 

noticed that if it were to continue the purge step indefinitely that all the obtained mass from the 

previous pulse would be lost possibly due to sublimation from the formation of a volatile complex. On 

the other hand, thickness gradients observed for TiCl4 and BDBA films deposited at 200 °C (same 

temperature as the QCM experiment), with lower thickness of films where precursors come into the 

chamber and higher in the back may also indicate etching of the already adsorbed molecules. Similar 

thickness gradients were observed and discussed in the master thesis by Kristoffer Robin Haug[139], 

who worked with tris(quinoline-8-Plato)aluminum(III) (Alq3) material system. The front part of the 

chamber was completely clean while there was growth in the back. The explanation for what has 

occurred was attributed to an etching process.  
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Further, for both systems, the growth rate was investigated as a function of deposition temperatures 

(Figure 33 and 42). There were indications of two MLD windows between 180 and 340 °C for the 

system with TMA and BDBA. One is ranging from 180 to 260 °C and a narrower one between 280 

and 340 °C. In an investigation done by Klepper et al.[13] on hybrid thin films, comparable temperature 

windows were seen. In the case of the TMA and 1,2,4,5-benzene tetracarboxylic acid (1,2,4,5-btc) 

system, the first window seems to be from 210 to 240 °C and another one between 285 and 300 °C, 

however with much higher growth rate than TMA and BDBA system (ca. 10 Å/cycle). Still, our 

hybrid system shows growth rates higher than what Al2O3 system typically show  

(ca. 1 Å/cycle)[83, 140, 141] at 200 °C. The decreasing growth rate with increasing deposition temperature 

might be due to increased movemnent of the precursor molecules allowing them to cover more 

surface, thus potentially blocking for other molecules to react. On the other hand, the observed MLD 

window for the TiCl4 and BDBA system was between 230 and 260 °C with a growth rate of around 

1.2 Å/cycle.  This is lower than the reported growth rates of TiO2 between 200 and 300 °C[142, 143].  

 

As seen in Figure 33, the refractive indices of Al2O3 increased with increasing temperature, which is 

the same trend reported by two other works[140, 141]. The refractive indices of TiO2 films show a slight 

decrease with increasing temperature, which is not in agreement with the work by Su[142] for instance. 

Different values of the refractive indices and growth rates per cycle of the BDBA based films different 

from the corresponding oxides may, therefore, indicate that our structures made by pulsing BDBA 

have hybrid characters. 

 

Inorganic thin films structures such as in Al2O3 or TiO2 typically have fixed thickness values over 

time, in contrast to hybrid materials made by MLD that display thickness variations in response to 

external changes in temperature or air[144]. Figure 34 was created to investigate the stability in the air 

for the hybrid TMA and BDBA films between 180 and 300 °C. The initial increase in thickness for all 

the films below 280 °C until 1500h can be due to the films restructuring to a less dense structure[145]. 

This is further supported by the lower density values obtained from the XRR measurement for the 

amorphous film deposited at 200 °C and higher density value for the amorphous film deposited at  

300 °C (Figure 35b). The same air stability test was, unfortunately, not conducted for the TiCl4 and 

BDBA system.  

 

The surface roughness of the hybrid films also differs from the reported roughness of corresponding 

aluminum or titanium oxide in literature[132, 146]. The low RMS roughness values for TiCl4 and BDBA 

films of almost 0.3 nm presented in Figure 43c) indicate extreme smoothness, independent of the 

deposition temperature. All hybrid films deposited at the observed MLD window temperatures showed 

GIXRD patterns typical of amorphous materials (Figure 35 and 43), and such patterns have been 

observed in works with hybrid films before[12, 13]. This can be due to precursor molecules being bonded 
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to the surface, orienting themselves in all directions before the complete saturation. The hybrid films 

also showed significantly lower density values compared to the corresponding amorphous oxide films 

found in the literature[147]. This may be due to the higher content of organic components in the hybrid 

films.  

Lastly, an ester alternative to BDBA was paired up with TMA to investigate if such an ester can lead 

to more effective growth. It was previously reported that the presence of esters (or amide) moieties as 

ligands could act as cleavage points and hence enabled more effective growth[148]. The QCM 

measurement in Figure 47 revealed, however, that the growth rate was precursor limited evidenced by 

quite slow mass gain with every BDBA-BPE pulse. It seems that too large pulse lengths are needed to 

obtain substantial growths. For comparison, the TMA and water sequence recorded much higher mass 

increase during ten cycles when pulsing of both precursors.  

 

To compare, after ten cycles of TMA and BDBA in Figure 28, the frequency change was at about ten 

times higher, around 100 Hz, which may also be used as evidence when discussing the delay of the 

growth of TMA and BDBA-BPE. A possible explanation for the prolonged saturation can be a steric 

hindrance of the pinacol groups on the BDBA-BPE. During the first half-cycle with TMA, a -CH3 

terminated layer is made as presented in Figure 59a). The situation may be like shown in Figure 59b), 

where during the pulse, some BDBA-BPE molecules obstruct the system from having a proper growth 

leading to a much to much lower frequency change compared to the Al2O3 sequence. Based on no 

reproducible results that could be obtained after the test deposition and the quite low observed 

frequency change for the hybrid system with TMA and BDBA-BPE, this system was not explored 

further. 

 

 
Figure 59: A schematic explanation of how steric hindrance may affect the growth and explain the quite low frequency 

change in Figure 47. The pinacol ligands and their possible obstruction may lead to fewer BDBA-BPE molecules deposited.  

 

5.4.2 Chemical identity and bonding  

 

The silica substrates are optically colorless in both Figure 36 and 44. When discussing aromaticity of 

the hybrid films, benzene (like the one present in the BDBA) may typically influence samples 

absorbance in the UV range, showing a peak at around 240 nm due to the π  π* transition of the 
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aromatic unit[149]. From Figure 36 and 44, it can be seen that in the hybrid samples deposited at the 

temperature inside the observed MLD windows that such absorbance is present (with varying 

strengths), increasing with decreasing temperature in the case of TMA and BDBA and increasing with 

increasing temperature for TiCl4 and BDBA. The interference fringes that we observed in Figure 36 

for Al2O3 have a slight fall from 250 nm to 450 nm and an increase in their oscillations with increasing 

thickness of the films. They may also occur due to partial reflection/transmission through two partially 

reflecting surfaces. Absorbing films usually show no fringes[150]. Other UV-Vis spectra found for 

amorphous Al2O3 are in good agreement with what is found here, high transparency of around 85% in 

the air[151]. On the other hand, the optical transparency of the TiO2 film deposited at 200 °C (Figure 44) 

reduces significantly at the transmission onset (400 nm) which may be related to the low band gap of 

TiO2 (around 3.0eV), that makes TiO2 active in UV[152].  

 

When it comes to measurements done by FTIR spectroscopy, all spectra of films containing aromatic 

units with a C-C bond typically display stretches that are found between 1600 and 1585 cm-1, 1500, 

and 1430 cm-1 and 700 cm-1 due to symmetry[153]. Para-substituted aromatics usually have stretches at 

1430 cm-1[154]. This value corresponds well with the observed stretch at 1446 cm-1 for both of the TMA 

and BDBA hybrid films (deposited at 200 and 300 °C) indicating the presence of substituted aromatics 

in the film. The intensity of these stretches occurring at 1446 cm-1 in Figure 37 seems to increase with 

lowering of deposition temperature, which may be due to the reduction of precursor content in the 

samples. The thickness of the samples was around 100 nm for the sample deposited at 200 °C and 

about 90 nm for the film deposited at 300 °C. The stretch at around 1419 cm-1 in Figure 45 for TiCl4 

and BDBA films may represent the C=C bond from the ring structure, which is not seen for the 

corresponding oxide films. When it comes to boron bonded to an aromatic unit, the literature reports 

these stretches to occur between 1075 and 1450 cm-1 meaning that the stretch occurring at around 

1240 cm-1 in Figure 37 may be attributed to that bond[155]. Stretches at around 1000 cm-1 in Figure 45 

may also occur due to this interaction.  

 

The strong transmittance intensity observed between 940 – 960 cm-1 in Figure 37 corresponds to the 

Al-O bond in hybrid films, as documented by previous works[156]. The observed stretch shift towards 

higher wavenumbers for the Al2O3 films is a behavior previously observed by Abdulagatov et al.[157]. 

According to their work, the shift is consistent with the ionic character of Al2O3, so it may be that the 

vibrational features associated with the Al-O bond in the hybrid films are different from the Al-O in 

the Al2O3 structure. On the other hand, the peaks below 500 cm-1 in Figure 45 are assigned to the Ti-O 

band in both the hybrid and oxide film. However, based on the apparent intensity of the peaks, it may 

be that there are differences in hybrid and oxide samples in terms of chemical composition. Analysis 

of the spectra suggests that depositing TiCl4 and BDBA together results in films slightly different from 

a TiO2 film. The presence of aromatic unit along with a Ti-O with much higher intensity may also 
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support this statement. This shift to higher wavenumbers may occur because of the higher mass of the 

created molecule is reduced[158]. A possible hybrid structure with TMA and BDBA would have a much 

higher mass than an oxide structure because of the size and molecular weight of the aromatic unit. The 

O-H stretch is known to have wide transmittance ranges on metal oxides. The absences of the –OH 

stretches for the hybrid films with BDBA may indicate complete consumption of hydroxyl groups by 

TMA and TiCl4 since theoretical calculations say all –OH stretching in boronic acid fall in the range 

between 3634 – 3629 cm-1[62]. Based on FTIR measurements, we can see that our TMA and TICl4 and 

BDBA films may contain aromatic units while the arrangement of peaks may suggest that the TMA 

(TiCl4) and BDBA have reacted to form a structure different from the oxide structures. 

 

5.4.3 Chemical composition 

 

The XPS survey spectra (Figure 38 and 46) of the hybrid films identify boron, aluminum (and 

titanium), oxygen, and carbon contributions to the surface of the film. The aluminum peak is fitted as a 

single symmetric peak, and the measured binding energy is slightly above 75 eV, which does not 

correspond well with the formation of the Al2O3 phase[159-161]. The high-resolution scan of the titanium 

2p peak showed a doublet separation between the 2p1/2 and 2p3/2 peaks of ~6eV, which is indicative of 

a structure different from oxides (as in TiO2), where such separation is at around 5.7 eV[162]. When 

considering the Al2O3 structure, oxygen peak is often deconvoluted to at least two asymmetric peaks 

associated with Al-O bond usually found at 530 eV and the Al-O-H hydroxyl groups bond is found at 

531.4 eV[163, 164]. Here the oxygen was fitted with one component indicating that the reaction between 

TMA and the hydroxyl groups have occurred[165]. The O:Al atomic ratio calculated and presented in 

Table 15 with the O 1s and Al 1s components is around 2.3, which is not in excellent agreement with 

the stoichiometry of Al2O3, where O:Al ratio is 1.5.  The ratio calculated here fits better with a 

possible hybrid structure. 

On the other hand, the O 1s peak in Figure 18 for titanium structure revealed an asymmetric peak with 

a broader tail on the high-energy side, which indicates the presence of two overlapping peaks. The 

binding energy of the larger peak is ~532eV corresponds well with the literature data for the oxygen 

from water. The binding energy of the smaller oxygen peak could be attributed to the O-B bond if 

compared to literature. 

 

In addition, the deconvolution of the C 1s peaks revealed two distinct components in the TMA and 

BDBA films, the strongest peak located at 285 eV originating from the C-Al bond in TMA molecule. 

The other one at approximately 290 eV may originate from the boron acid moiety adsorbed during the 

MLD process or the B-C bond from the reaction with CO2 (from the air). Such contaminations have 

been seen before when analyzing the C 1s region. Literature reports on similar peak arrangements 

when samples are exposed to ambient air, but this cannot verify that there is contamination in the film 
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as the C 1s core level is usually fitted with more than two peaks[141]. So, when discussing the 

symmetric B 1s high-resolution spectrum fitted by one single chemical environment centered at  

192 eV, it might be that the boron contribution comes from boron bonded to the benzene ring rather 

than the B-C from air[166]. Unlike the system with BDBA and HMTP, the absence of Si peak in this 

film proves significant film thickness on the Si substrate. 

On the other hand, it is worth mentioning that in Figure 46, chlorine was not detectable, indicating no 

residual chlorine embedded in the hybrid films. The absence of chlorine may also be related to the 

absence of residual byproducts of HCl that has absorbed in the film[167].  As mentioned, no Ti-Cl bond 

peaks were seen in the transmission spectra of the hybrid films in Figure 44. Since the ratio of Ti and 

O was 1 to 4 and considering no chlorine in the structure, the bonding may look like the one presented 

in Figure 58, where Ti is bonded to BDBA on one side and has two oxygen bonds on the other.  

 

 The hybrid BH system 

 

In the case of TMA and BH precursors, no test depositions were performed due to limited amounts of 

the BH. As shown in Figure 49 and 50 we observe that TMA saturates the surface in about 0.4 s. One 

TMA and BH cycle presented in Figure 50 does not represent a typical MLD growth. The delayed 

saturation of the BH may be due to the too short pulse length since we do not observe signs of 

saturation even after 70 s. There have been investigations of material systems and their optimal pulse 

length in our research group where saturation does not occur even after 1.5 minutes[168].  

 

The initial increase of thickness in Figure 51 after the last deposition up until 15h  may originate from 

some unreacted BH molecules reacting with the environment and eventually settling for a structure 

after 15h, where we do not observe any thickness change. The refractive indices that these films 

exhibited were nearly the same values of films based on TMA and linkers hydroquinone and benzene-

1,3,5-triol[13], while these are slightly higher than the reported values of Al2O3 films[141]. Compared to 

films deposited with BDBA where most of the as deposited films were relatively smooth and 

featureless, the films based on TMA and BH show much higher RMS roughness values obtained from 

AFM (Figure 52c) which may indicate that BH molecules are possibly better linkers.  

 

The UV-Vis spectra of the TMA and BH deposited on silica clearly showed the presence of aromatic 

peaks, at around 235 nm and a form of a shoulder at around 280 nm, while it also absorbed light at 

around 420 nm, which was different from the Al2O3 films[169]. The high transparency of the Al2O3 in 

both the UV and the visible range may support the idea that this hybrid film and oxide films do not 

have the same chemical bonding. This was also supported by the FTIR measurements in the reflection 

and transmission modes (Figure 54). In both cases, the broadening stretches at ca. 1055 and 1026 cm-1 

respectively originate from C-O bond vibrations. Because these two features appeared in the general 
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C-O region (typically around 1086 cm-1), it is likely that the strong broadening is due to the troubled 

C-O bond rather than non-existent C-O like in a situation where Al is inserted into the O-H bond to 

form a C-O-Al species[170, 171]. Aluminum alkoxides generally have C-O stretching modes in the region 

between 1000 and 1100 cm-1 were one example of structure such as Al(OC2H5)3 exhibits a strong C-O 

stretching mode peak at 1059 cm-1, just like in the case of these hybrid films[172]. On the other hand, 

the abovementioned stretches were not observed for the aluminum oxide films here, which may be a 

piece of evidence that the TMA does not exclusively react with the water, but hydroxyl groups from a 

molecule like BH.  Also, the higher carbon content of these hybrid TMA and BH films displaying 

skeletal C-C stretching vibrations within the ring at around 1490 and 1475 cm−1 respectively confirms 

the aromaticity of the films[173].  

 

The reaction involving the -OH groups from BH with Al from TMA to form an Al-O bond seemed to 

have occurred since there were no stretches between 3200  and 3700 cm-1 in neither Figure 54a) or 

Figure 54b)[126]. The Al-O bond stretches are located at around 900 cm-1[156] in Figure 54a) for both the 

hybrid and oxide film, with the only difference that the stretch presents itself at lower wavenumbers 

for the hybrid indicating different coordination. This was also seen in the TMA and BDBA system. 

The transmittance spectra for both hybrid and oxide film demonstrate a prominent peak at 574 cm-1 

Figure 54a), which can be attributed to the Si-O bond[174]. The same stretch was not observed for the 

films deposited on steel substrates in Figure 54b).  

 

6 Conclusion 

 

The initial goal of this master project was to grow thin films of COF-1 and COF-5 structures 

(Figure 5). This proved to be difficult, even though the precursors BDBA and HMTP showed proper 

sublimation (150 and 215 °C respectively). No measurable growth of COF-1 was observed through a 

CVD type of reaction. This is seemingly due to very slow reactions or some form of reaction 

mechanism that is obstructing this CVD polymerization growth. Attempts of promoting MLD 

reactions between BDBA and HMTP also failed in the formation of COF-5 at 250 °C.  

 

Combining BDBA with the inorganic precursors TMA and TiCl4 proved the growth of films of a 

hybrid character. The QCM experiments showed well saturation behavior when the varying pulse of 

the inorganic precursors.  When varying BDBA pulse lengths in the system with TMA, the saturation 

occurs slowly while the BDBA pulse saturated the surface thoroughly when used with TiCl4, but what 

we observed there was a significant amount of mass loss during the TiCl4 purge (most likely due to 

etching reactions involving HCl). The films from both systems were nevertheless relatively 

reproducible. The growth rates of the amorphous films based on TMA and BDBA decreased with 
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increasing temperature (from 1.6 Å/cycle at 180 °C to 0.6 Å/cycle at 340 °C) with two observed MLD 

windows. The MLD window for the TiCl4 and BDBA system was observed between 260 and 280 °C 

with a growth rate of about 1.2 Å/cycle.  

 

QCM analysis of the TMA and BDBA-BPE system showed very slow saturation of BDBA-BPE and 

was not studied further. Finally, the compound BH was investigated as a new precursor and reacted 

with TMA. The BH sublimed at 125 °C and films were grown at 200 °C. It does not behave like a 

conventional MLD system based on the QCM experiment result since only the part of the process with 

TMA was self-limiting. The saturation of BH is very slow, requiring long pulses (ca. 90 s and maybe 

higher) for optimal growth. A ca. 150 nm film was grown and proved amorphous while still a high 

surface roughness compared to BDBA based films. 

 

Properties of these hybrid films were investigated with a variety of characterization methods. Some of 

the most important results were the identification of aromatic units and the presence of boron in the 

hybrid films deposited at temperatures in the observed MLD windows for BDBA based films and the 

BH based film deposited at 200 °C. The π  π* transition of the aromatic units at around 240 nm 

occurring was present in all of these (with varying strengths) when studying the UV-vis spectra, while 

XPS analysis showed significant amounts of boron present in BDBA based films, much more than 

what silicon substrates usually have (considering boron doping of silicon wafers). The fact that all of 

the carbons are accounted for in the films suggests the presence of BDBA molecules in both types of 

hybrid films.  

 

FTIR spectroscopy was used to differentiate between the oxide and the boron-based hybrid films. The 

intensities of the aromatic C-C stretches exhibited by the hybrid films are perhaps slightly different, 

but they can confirm the aromaticity in all of them. In addition, the observation that the metal to 

oxygen bond stretch (Al based systems) are slightly shifted towards higher wavenumbers for oxides 

suggest different structure of the hybrid films. These hybrid films were also relatively stable in the 

presence of water after observing no significant thickness changes after the water drop experiments. 

For BH based hybrid films FTIR spectroscopy in both transmission and reflection mode verifies the 

aromaticity, along with the UV-Vis measurement. Absorption in both UV and visible light, in contrast 

to Al2O3 is a good indication of that. The oxide films instead showed interference fringes due to much 

thicker films, which are not features of absorbing films.  
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7 Future work 

 

Concerning the COF-1 structure, further research should include analyzing the BDBA powder that 

was inside the precursor boat after CVD polymerization deposition (Table 11). By using the precursor 

tester on this powder, we can determine if the sample polymerizes already there. Other ways of 

promoting COF-1 growth in the ALD reactor might be to use precursors consisting of boronic acid 

moieties on one side and functional groups that bind easier to the silicon surface on the other, granted 

sufficient sublimation temperature. On the other hand, an interesting finding in this work was that 

HMTP grew on glliass plates rather than silicon substrates during a test deposition, so it would be 

beneficial to investigate this selectivity further on and to understand why this occurs and how and if 

sodium influences the selectivity. This might be done through a TOF-ERDA or similar 

characterization technique that can investigate depth profiles of films with more accuracy than XPS.  

 

Perhaps the growth COF-5 would be possible by considering a change of substrate. Also, if we were to 

acquire the actual building block of COF-5, which is the HHTP molecule (Figure 5), it would be 

interesting to first investigate thermal properties of it and then test the effect of having hydroxyl group 

instead of methoxy on the hydrocarbon. Finding exactly how these COF structures grow inside an 

ALD reactor might give rise to several different applications. Unlike MOF structures that are already 

successfully grown by MLD, COF thin films with completely organic metal-free building blocks 

would potentially rule out the unwanted metals in some application areas, and even better tunable 

porosity would enable loading guest or drug molecules more efficiently. As mentioned, there were 

limited amounts of the BH precursor. Future research should include growth rate investigation as a 

function of different deposition temperature, but also more in-depth QCM measurements and XPS.  
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