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ABSTRACT 

While many techniques are suitable for designing ultra-thin films, few are as sophisticated as 
Atomic Layer Deposition (ALD). This method allows any substrate to be coated with ultra-thin 
layers of material with unparalleled uniformity and thickness control in the sub-nm range. ALD 
was widely used in the second half of the 20th century to synthesize layers of oxides, nitrides, 
sulfides or pure metals. However, in the last 20 years, researchers have started to develop 
routes to highly complex materials such as metal organic frameworks (MOFs) by all-gas phase 
approaches, generally trying to enable their application on an industrial scale. 

In this work, we demonstrate a route for the ALD synthesis of the MOF Ti-MIL-125 and present 
a set of characterization methods suitable for understanding such new materials. We also 
demonstrate the possibility of using ALD to synthesize a MOF laminate of Ti-MIL-125 and Zr-
UiO-66, highlighting the uniformity and interface quality of the stack. Through a series of 
experiments aimed at improving the crystallinity of our networks, we have been able to gain 
insights into the kinetics and thermodynamics of these systems. In the last chapter, we 
demonstrate the uniformity of ALD-TiO2 coatings on complex shaped and highly intricate 3D-
printed TiVAl substrates. 

 
 
 
 
 
 
 
 
 
 



II 
 

Kurzfassung 
Obwohl sich viele Techniken zur Entwicklung ultradünner Schichten eignen, sind wenige so 
hoch entwickelt wie die Atomlagenabscheidung (ALD). Mit dieser Methode kann jedes 
beliebige Substrat mit ultradünnen Filmen unterschiedlichster Materialien beschichtet 
werden, die eine beispiellose Gleichmäßigkeit sowie Schichtdickenkontrolle im Sub-nm-
Bereich aufweisen. ALD wurde in der zweiten Hälfte des 20. Jahrhunderts in großem Umfang 
zur Synthese von Schichten aus Oxiden, Nitriden, Sulfiden oder reinen Metallen eingesetzt. In 
den letzten 20 Jahren haben Forscher damit begonnen, Wege zu hochkomplexen Materialien 
wie metallorganischen Gerüstverbindungen (MOFs) zu entwickeln, die ausschließlich in der 
Gasphase hergestellt werden, um deren Anwendung im industriellen Maßstab zu 
ermöglichen. 

In dieser Arbeit demonstrieren wir einen Weg für die ALD-Synthese des MOF Ti-MIL-125 und 
stellen eine Reihe von Charakterisierungsmethoden vor, die zum Verständnis solcher neuen 
Materialien geeignet sind. Wir demonstrieren auch die Möglichkeit der ALD-Synthese eines 
MOF-Laminats aus Ti-MIL-125 und Zr-UiO-66, wobei wir die Gleichmäßigkeit und die Qualität 
der Grenzflächen des Stapels hervorheben. Durch eine Reihe von Experimenten, die darauf 
abzielen, die Kristallinität unserer Netzwerke zu verbessern, konnten wir Einblicke in die 
Kinetik und Thermodynamik dieser Systeme gewinnen. Im letzten Kapitel demonstrieren wir 
die Gleichmäßigkeit von ALD-TiO2-Beschichtungen auf hochkomplexen 3D-gedruckten TiVAl-
Substraten. 
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1 Introduction and Motivation 

The field of developing novel techniques for synthesizing, characterizing, and integrating new 

materials is currently among the most prominent areas of study in science.1,2 It enables 

humankind to consistently enhance the ability to design and engineer compounds, ultimately 

leading to the production of nanoscale machines and tools, and materials with an expanding 

array of previously unattainable properties. For instance, even before the 2010 Nobel Prize in 

Physics was awarded to Andre Geim and Konstantin Novoselov for their discovery of single 

layer graphene, two‐dimensional materials were attracting increasing interest due to their 

enormous range of outstanding properties.3 The synthesis, characterization and 

implementation of these materials has become a huge field of materials science, constantly 

advancing our understanding of these building blocks. Today we have a vast zoo of different 

2D materials that can be tailored, combined and modified to form components for future 

devices and revolutionize various sectors from catalysis towards semiconductor industries 

and medical applications.4 The discovery of so‐called MXenes by Yury Gogotsi and recent 

advances in their synthesis have highlighted the potential still hidden in this world of 

nanomaterials.4 Although conventional approaches to material synthesis generally rely on 

solid or liquid state formation, gas phase methods such as chemical vapor deposition (CVD) 

and physical vapor deposition (PVD) have increasingly garnered attention over the past 

centuries.5,6 Despite operating at relatively lower temperatures when compared to synthesis 

from a molten state, these techniques offer the potential to generate high‐purity materials as 

thin film coatings on a diverse range of substrates, ultimately improving the electronic, 

mechanical, or catalytic properties of the bulk material.7–9 

Development of high‐end solutions for integration of such materials rapidly gained industrial 

interest in the latter half of the 20th century, particularly with advancements in high‐vacuum 

pump manufacturing.5 These developments enabled the construction of operational plants 

for large‐scale synthesis of thin films through gas‐phase reactions. Presently, techniques such 

as CVD and PVD are extensively utilized in semiconductor manufacturing, the aerospace 

industry, coating of cutting tools, and decorative applications.10–12 
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In gas‐phase processes, one or more chemicals, known as precursors, are evaporated and 

transported onto the substrate surface using an inert gas stream, typically nitrogen or argon. 

In PVD, the evaporated target material is chemically identical to the desired material and can 

be achieved through heating, laser ablation, plasma discharge, or other methods.13 Chemical 

vapor deposition employs a broader range of more volatile precursors, such as metal organics 

or amino compounds, which often react with another reactant to form a solid film on the 

substrate surface. In this case, the precursors and the final material are not chemically 

identical.14–16 

As the range of materials accessible through gas‐phase synthesis continues to expand, certain 

aspects related to mechanisms and reactor design have proven to be disadvantageous in 

practical applications. CVD is limited to highly volatile precursors, necessitating the 

development of new chemicals for synthesizing specific materials.17 Contamination of these 

precursors can significantly impact film quality, and the high temperatures required in CVD 

processes restrict the range of suitable substrates for coating, even though researchers are 

constantly working on the improvement of low‐temperature vapor deposition techniques.18–

22 

In the case of PVD, the use of target evaporation to coat substrates highlights the need for 

highly uniform targets to ensure uniformity in the resulting film. Additionally, the target must 

be compatible with any of the aforementioned evaporation methods.23 

Both CVD and PVD involve a trade‐off between deposition rate and film quality. Higher 

deposition rates often lead to decreased film quality, characterized by increased roughness 

or reduced density. Striking a balance between deposition rate and film properties is critical 

and requires meticulous optimization. Furthermore, the coating of complex geometries is 

often challenging due to the line‐of‐sight transfer mechanism employed in most cases, 

particularly for PVD. A graphical presentation of this limitation is provided in Figure 1.1.24–26 

Due to the limitations in uniformity when coating complex structures, first of all Russian and 

Finnish scientists independently started to work on a modification of CVD in order to produce 

highly uniform films with a thickness control down to the Angstrom region. These efforts lead 
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to manufacturing of the first commercial reactors for atomic layer deposition (ALD) in the 

1990s.27 

 

Figure 1. 1: Illustration of vapor-deposition based coatings. While ALD (left) offers the 

possibility to deposit highly uniform films on complex and intricate geometries, classical CVD 

as well as PVD (right) are limited in terms of uniformity by their line-of-sight transfer 

mechanisms – coatings are mainly formed on surfaces that face towards the target materials 

or flow direction of the chemical precursors. 

 

1.1 Atomic Layer Deposition (ALD) 

Atomic layer deposition (ALD) is a thin‐film deposition technique that has been derived from 

classical chemical vapor deposition (CVD) which is designed for coating various substrates 

with conformal, dense and highly uniform thin films with incomparable quality. The method 

allows for the precise control of film thickness, composition, and uniformity, making it a 

valuable tool in a wide range of applications such as microelectronics, energy, and catalysis. 

The realm of materials attainable through atomic layer deposition synthesis encompasses a 

broad spectrum, spanning from elemental metals to oxides, nitrides, polymers, and 

progressively advancing towards increasingly intricate and multifaceted compositions, 

exhibiting an incessant expansion. 28,29 

ALD works by sequentially exposing a substrate to two or more precursor gases, each of which 

reacts with the surface in a self‐limiting manner. This means that (in theory) only a monolayer 
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of material is deposited per cycle, ensuring ultimate thickness control. The reaction between 

the precursors and the surface is typically facilitated by a thermal or plasma process, which 

can be adjusted to achieve different film properties.30,31 The following figures show schematic 

presentations of the experimental setup of an ALD reactor (Figure 1.2) and a simplified version 

of an ALD process (Figure 1.3) including pulses of TiCl4 and BDC (benzene dicarboxylic acid = 

terephthalic acid/TPA), two precursor chemicals used for synthesis of metal‐organic‐

framework‐type films, as explained later. 

 

Figure 1. 2: Schematic of the ALD process for Ti-MIL-125 MOF deposition: The two precursors 

(TiCl4 and BDC/TPA) are alternatingly pulsed onto the substrate via pulsing valves. Nitrogen 

acts as a transport gas, as well as a purging gas in between the different precursor pulses. A 

dry pump keeps the pressure at about 1 mbar. The reaction chamber is heated by use of hot 

wall heating elements. 
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Figure 1. 3: Reaction schematic for an ALD process: After saturating the hot surface of the 

substrate with a monolayer of Precursor A (here TiCl4), a purging step with nitrogen removes 

excessive molecules. In the next step precursor B (BDC = benzene dicarboxylic acid) is pulsed 

into the chamber and saturates the surface and again, residual molecules of precursor are 

removed in a nitrogen stream forming one full layer of material 

 

Atomic Layer Deposition (ALD) has its roots in the field of surface science and thin film 

deposition techniques. The concept of ALD originated in the late 1960s and early 1970s when 

researchers began to explore ways to deposit thin films with precise control over their 
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thickness and composition. The initial focus was primarily on the deposition of inorganic 

materials, such as oxides and nitrides.32 

Early work on ALD focused primarily on developing methods for depositing thin films for 

microelectronic applications. In the 1970s, Finnish scientists Tuomo Suntola and Riikka 

Puurunen made significant contributions to the development of ALD. In particular, Suntola 

invented the first practical ALD reactor, known as the "Suntola reactor", in 1974. This reactor 

used a sequential and self‐limiting gas‐phase reaction mechanism to achieve atomic‐scale 

control of film growth.33,34 

In the 1980s and 1990s, ALD gained attention as a promising technique for depositing high‐

quality thin films in various industries, including microelectronics, optoelectronics and 

catalysis. The potential of ALD for the fabrication of complex multilayer structures and 

nanoscale devices became increasingly apparent. Silicon dioxide (SiO2) became a critical 

material for insulating layers in integrated circuits, and ALD offered superior thickness control 

and uniformity compared to conventional deposition techniques such as chemical vapor 

deposition (CVD). ALD‐based deposition of SiO2 became an integral part of the 

microelectronics industry, paving the way for advances in chip manufacturing. In the late 

1990s, ALD was successfully applied to the deposition of metals and metal nitrides, expanding 

the range of applications beyond insulating materials. Thin metal films synthesized by ALD 

exhibited excellent conformality, purity and electrical properties, making them suitable for 

interconnects, gate electrodes and catalysts.33 

During the early 2000s, ALD made significant strides in the development of organic and hybrid 

materials. Organic‐inorganic hybrid materials, such as metal oxides embedded in polymer 

matrices, were synthesized using ALD.35 These materials combined the desirable properties 

of both organic and inorganic components, opening the door to applications in flexible 

electronics, photovoltaics, and sensing devices. Advances in ALD continued throughout the 

2000s and 2010s, driven by the increasing demand for precise and conformal thin films in 

emerging fields such as nanotechnology and energy storage. Researchers explored new 
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materials, reaction chemistries, and deposition processes to expand the range of materials 

accessible with ALD.35–37 

One of the key advantages of ALD is its ability to deposit conformal films, meaning that the 

coating can conform to the shape of the substrate, even on complex three‐dimensional 

structures. This makes it particularly useful in the microelectronics industry for coating high 

aspect ratio structures, such as deep trenches and vias. In principle ALD even offers the 

possibility of coating nanoparticles and nanowires.38 

In addition to its applications in microelectronics and nanomaterials, ALD is also being 

explored in energy applications. For example, ALD is being used to deposit thin films on 

battery electrodes to improve their performance and stability. ALD is also being investigated 

as a method of manufacturing solar cells, where it can be used to deposit high quality, uniform 

layers of material.39 

Atomic layer deposition (ALD) is a rapidly advancing field, with new research topics emerging 

regularly. One area of current interest is the development of new ALD precursors that can 

offer improved performance and new capabilities.21 

Another area of research is the development of new ALD processes that are more 

environmentally friendly. One approach being explored is the use of plasma‐enhanced ALD 

(PEALD), which can reduce the use of harmful chemicals in the deposition process. PEALD is 

also being investigated for its ability to deposit films at lower temperatures, which can reduce 

energy consumption and improve the compatibility of ALD with temperature‐sensitive 

substrates.40 

Researchers are also focusing on using ALD to make flexible and stretchable electronics. By 

depositing thin films on flexible substrates, such as polymers or textiles, it is possible to create 

devices that can conform to the shape of the human body or other irregular surfaces. This has 

applications in areas such as wearable electronics, medical sensors, and robotics.41,42 

Another area of interest is the use of ALD for the synthesis of new 2D materials, such as 

transition metal dichalcogenides (TMDs). TMDs have unique electronic and optical properties, 
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making them promising candidates for applications in electronics, photonics, and catalysis. 

ALD can offer provide control over the thickness and composition of TMDs, enabling the 

creation of new materials with tailored properties.43,44 

In this work, we demonstrate new routes towards synthesis and integration of metal‐organic 

framework (MOF) – like materials by using ALD, an area of growing interest with respect for 

renewable energy materials or applications in sensing or semiconductor fabrication.29,45,46 A 

more comprehensive review of these materials is given in the following section of this work. 

Overall, the field of ALD is constantly evolving, with new research topics and applications 

emerging on a regular basis. By continuing to explore the potential of ALD, researchers are 

opening up new possibilities for the fabrication of advanced materials and devices, with 

implications for a wide range of fields, from electronics to energy and medicine. 

 

1.2 Metal-organic frameworks 

Metal‐organic frameworks (MOFs) are a class of materials that have gained significant 

attention in recent years due to their exceptional properties and wide range of potential 

applications. MOFs are composed of metal ions or clusters connected by organic ligands to 

form a porous and highly tunable framework. The unique properties of MOFs, including high 

surface area, high selectivity, and exceptional stability, make them ideal candidates for a 

variety of applications, such as gas storage,47,48 catalysis,49,50 sensing,51–53 and drug 

delivery.54,55 An overview of possible applications is given in Figure 1.4. 
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Figure 1.4: Graphical representation of possible applications of metal-organic-framework 
materials according to Jiao et al.56 

The history of MOFs dates back to the early 20th century when zeolites, which can be 

considered as a precursor to MOFs, were first discovered. Zeolites are crystalline 

aluminosilicates with well‐defined nanoporous structures.57 In the 1990s, researchers began 

exploring the use of organic linkers to replace the inorganic components of zeolites, leading 

to the birth of MOFs as a distinct class of materials. 

The first true MOF, called MOF‐5, was reported in 1999 by Omar Yaghi and his team at the 

University of Michigan. This discovery marked a major breakthrough in the field, as it 

demonstrated the ability to construct highly ordered frameworks with large surface areas 

using coordination chemistry principles. The field rapidly expanded following this seminal 

work, with numerous research groups worldwide actively exploring the synthesis, 

characterization, and applications of MOFs.58 
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Figure 1.5: Representation of a {100} layer of the MOF-5 framework shown along the a-axis 
(C, grey; O, green) according to Li et al.59 

In the early 2000s, researchers focused on developing new synthetic strategies to enhance 

the stability and functionality of MOFs. One significant development was the introduction of 

the concept of "reticular chemistry" by Yaghi and his collaborators. Reticular chemistry refers 

to the assembly of molecular building blocks into extended networks, enabling the design and 

synthesis of MOFs with targeted properties. This approach opened up new avenues for the 

creation of MOFs with tailored structures and functionalities.60,61 

As the field progressed, researchers began exploring the potential applications of MOFs 

beyond gas storage. In 2005, one of the first examples of MOF‐based catalysis was reported 

by researchers at the University of North Carolina. They demonstrated that MOFs could serve 

as effective heterogeneous catalysts for a range of chemical reactions, even highly complex 

stereoselective processes 62 This discovery opened up new possibilities for MOFs in the field 

of catalysis, offering advantages such as high surface area, tunable pore size, and adjustable 

functionality. 

In subsequent years, MOFs found applications in various areas. They were utilized as drug 

delivery vehicles, exploiting their large pore volumes and tunable properties to encapsulate 

and release therapeutic agents.54,63 MOFs also proved valuable in gas separation processes, 

exhibiting high selectivity for specific gases due to their tailored pore sizes and surface 
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chemistry.64 Additionally, MOFs showed promise in sensing applications, where their unique 

structures enabled the detection of target analytes with high sensitivity and selectivity.65 

The development of MOFs continued to evolve, and in recent years, researchers have made 

significant advancements in the synthesis of novel MOFs with enhanced properties. This 

includes the design of MOFs with ultra‐high surface areas,66 exceptional stability in harsh 

conditions,67 and improved gas storage capacities. Various strategies, such as post‐synthetic 

modifications,68,69 guest molecule exchange,70 and mixed‐metal/linker frameworks,71,72 have 

been employed to tailor the properties of MOFs for specific applications. 

Another noteworthy advancement in the field is the exploration of MOFs for energy storage 

and conversion.73,74 Researchers have developed MOFs for applications in electrochemical 

energy storage devices such as batteries and supercapacitors. By incorporating redox‐active 

metal centers and organic linkers with desirable properties, MOFs have demonstrated the 

ability to store and deliver electrical energy efficiently. These materials hold great potential 

for next‐generation energy storage systems, offering high energy densities, long cycle 

lifetimes, and improved safety compared to traditional battery technologies.75 

Moreover, MOFs have been investigated for their potential in photocatalysis and solar energy 

conversion. The combination of light‐harvesting properties of the organic linkers and the 

redox capabilities of the metal centers allows MOFs to absorb light and facilitate charge 

transfer processes. This opens up opportunities for applications such as water splitting, 

carbon dioxide reduction, and photovoltaics, where MOFs can harness solar energy to drive 

chemical reactions or generate electricity.49,76,77 

In recent years, efforts have been focused on scaling up the synthesis of MOFs,78 improving 

their stability in various environments,67,79 and exploring their integration into practical 

devices.80,81 Researchers have developed techniques to produce MOFs on a larger scale while 

maintaining control over their structure and properties. Strategies such as thin‐film 

deposition techniques,82 surface modification83 and MOF composites84 have been employed 

to enhance their stability, making them suitable for real‐world applications. 
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Additionally, advancements in computational modeling and artificial intelligence have 

facilitated the design and discovery of new frameworks with tailored properties. High‐

throughput screening methods and data‐driven approaches have accelerated the 

identification of promising MOF candidates, significantly reducing the time and cost involved 

in materials development.85 

Looking ahead, the field of MOFs continues to evolve rapidly. Researchers are actively 

exploring new synthesis methodologies, functionalization strategies, and applications for 

these materials in areas such as environmental remediation, sustainable chemistry, and 

beyond. With ongoing advancements, it is anticipated that MOFs will play a crucial role in 

addressing global challenges and revolutionizing diverse fields, ranging from energy and 

healthcare to environmental sustainability. This fact is displayed by the increasing amount of 

publications on metal‐organic frameworks per year. While only about 100 papers were 

published in 2005 this number increased to well above 4.000 in 2019.86 

One of the main areas of scientific interest in MOFs is their synthesis which is a complex 

process that requires a deep understanding of the interactions between the metal ions or 

clusters and the organic ligands. The synthesis of MOFs involves the assembly of these 

building blocks into a precise and controlled framework, which can be achieved through 

various methods such as solvothermal synthesis, hydrothermal synthesis, and microwave 

synthesis. Nowadays synthesis from gas‐phase is another possible method to determine 

MOF‐type materials with a unique set of properties. 

Another major scientific interest that correlates with synthesis of these materials is the fact 

that MOFs can be tailored for specific applications by tuning their properties through various 

attempts like the choice of (mixed) metal ions or clusters and organic ligands but also threw 

changing the synthetic routes towards enhanced properties.87,88 

Also, the scalability of MOF synthesis is a critical factor in their commercialization. The 

development of large‐scale synthesis methods that can produce MOFs in an efficient and cost‐

effective manner is a significant challenge. Therefore, research efforts are focused on 
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developing new synthetic strategies that can produce MOFs in large quantities without 

compromising their properties.89 

Finally, the understanding of the fundamental principles underlying MOF synthesis is essential 

for the advancement of the field. Researchers are exploring the thermodynamics and kinetics 

of MOF formation to gain insights into the mechanisms underlying their synthesis. This 

understanding can lead to the development of new synthetic strategies and the optimization 

of existing methods.90–92 

While solvothermal and microwave assisted techniques were the main synthetic routes 

towards creation of MOFs, vapor‐based approaches have garnered increasing interest in the 

past decades. 

The development of gas phase‐based techniques for Metal‐Organic Framework synthesis has 

emerged as an important area of research due to their advantages in achieving precise control 

over MOF properties and enabling scalability. Here is an overview of the most common 

techniques:93 

• Chemical Vapor Deposition (CVD): 

MOF‐Chemical Vapor Deposition involves the growth of a thin layer of metal oxide by 

PVD, CVD or ALD and subsequent MOF‐formation by introduction of a gaseous linker 

onto the material film that leads to formation of a MOF‐thin‐film. CVD allows for the 

formation of MOF coatings with good adhesion and uniformity. It offers advantages 

such as the potential for large‐scale production.20,94 

• Atomic Layer Deposition (ALD): 

Atomic Layer Deposition, originally developed for ultra‐thin film deposition, has been 

adapted for MOF synthesis. ALD involves sequential, self‐limiting surface reactions, 

enabling precise control over film thickness and composition. By carefully selecting 

precursors, ALD enables the growth of MOF thin films with excellent uniformity and 

conformality on various, even highly complex substrates.46 
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Over time, these gas phase‐based techniques have undergone advancements and 

refinements. Researchers have explored novel precursor chemistries, reaction conditions, 

and deposition methods to expand the scope and applicability of gas phase‐based MOF 

synthesis. Additionally, there have been efforts to integrate these techniques with other 

fabrication processes to create hybrid structures and functionalize MOFs.29,93 

When synthesizing MOFs from gas‐phase approaches researchers often end up with so called 

amorphous Metal‐Organic Frameworks (aMOFs) which are a unique class of materials that 

combine the characteristics of both amorphous solids and crystalline MOFs. While 

solvothermal frameworks are typically composed of metal ions or clusters connected by 

organic ligands, forming a highly ordered, porous and crystalline structure, amorphous MOFs 

however lack long‐range order in their atomic arrangement, resulting in a disordered or glass‐

like structure. This disorder can occur at various length scales, ranging from short‐range 

disorder to completely lacking any long‐range order. Amorphous MOFs retain this porosity, 

albeit in a less ordered manner compared to crystalline ones. The lack of a well‐defined crystal 

structure in amorphous MOFs can impart enhanced stability compared to their crystalline 

counterparts. The absence of specific crystal planes and the presence of disorder can make 

them less susceptible to structural changes caused by external factors such as temperature, 

pressure, or humidity.95,96 

Amorphous MOFs offer unique opportunities in various applications. Their enhanced stability 

and porosity make them suitable for gas storage, separation, and catalysis. They can also be 

used as precursors for the synthesis of other materials or as matrices for encapsulating guest 

molecules. The disordered structure of amorphous MOFs can provide tunable properties, 

making them appealing for applications such as sensing, drug delivery, and energy storage.97–

99 

While amorphous MOFs are an exciting and emerging area of research, their study is still in 

its early stages. Researchers are exploring different synthetic strategies, characterizing their 

properties, and investigating their potential applications.95 
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The development of gas phase‐based techniques for MOF synthesis has opened up new 

possibilities for tailoring MOF properties, such as pore size, surface area, and functionality, 

with precise control. Ongoing research aims to address challenges related to precursor 

reactivity, growth mechanisms, scalability, and reproducibility to further advance the field of 

gas phase‐based MOF synthesis. 

In this work in chapter 3, we develop an ALD process for conformal deposition Ti‐MIL‐125‐like 

metal organic framework ultrathin films on nanoscaled substrates towards photocatalysis, 

which is the first demonstration of ALD of this MOF‐type and also of photocatalytic use of ALD 

MOFs. 

 

1.3 Nano-Laminates 

Nano‐laminates, layered structures composed of alternating nanoscale thin films, have 

emerged as a highly promising and versatile class of materials with unique properties and a 

wide range of applications. The following overview provides a detailed examination of the 

historical development, current applications, synthesis methods, future perspectives, and 

other relevant information regarding nano‐laminates. 

Nano‐laminates consist of stacked layers of different materials with individual layer 

thicknesses typically in the range of a few nanometers to a few hundred nanometers. The 

precise control of layer thicknesses and composition in nano‐laminates allows for the 

engineering of desirable properties, such as enhanced mechanical strength, improved 

electrical conductivity, tailored optical responses, and optimized chemical reactivity.100 

The concept of nano‐laminates originated in the early 1990s, driven by the need to improve 

the performance of thin film coatings and functional materials. Initial studies focused on 

fabricating alternating layers of metals and ceramics to achieve enhanced hardness and wear 

resistance. Over time, researchers explored various material combinations, such as metals, 

oxides, nitrides, and polymers, leading to the discovery of unique properties and expanded 

applications of nano‐laminates.101 
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In this thesis, we present the first successful synthesis of nano‐laminates based on MOF‐like 

materials, accompanied by a comprehensive set of characterization techniques that 

contribute to a profound understanding of these films. 

Nano‐laminates find applications in diverse fields, including electronics, energy storage, 

catalysis, optics, and biomaterials.102,103 In electronics, nano‐laminates are utilized to 

fabricate high‐performance transistors, memory devices, and sensors with improved 

electrical properties, reduced power consumption, and enhanced stability.104 In energy 

storage, nano‐laminates offer higher energy density and faster charging rates as electrode 

materials for batteries and supercapacitors.105 Nano laminates also have significant 

applications in optical coatings, plasmonics, and photovoltaics, enabling precise control over 

light‐matter interactions and improved device performance.106 

Various synthesis methods are employed to fabricate nano‐laminates, each offering specific 

advantages and control over layer thickness, composition, and interface quality. Common 

techniques include physical vapor deposition (PVD),107 chemical vapor deposition (CVD),108 

sputtering,109 electrochemical deposition,110 and self‐assembly approaches.111 Atomic layer 

deposition (ALD) and molecular layer deposition (MLD) provide exceptional control over layer 

thickness and composition, enabling precise engineering of nano‐laminates at the atomic 

level. Techniques such as co‐sputtering,112 electrochemical deposition, and Langmuir‐

Blodgett assembly offer additional versatility in designing nano‐laminate structures. 

The future of nano‐laminates is very promising, with ongoing research focusing on several key 

areas. First, there is a growing emphasis on expanding the range of materials and layer 

combinations to explore new functionalities and applications. Tailoring interfaces and 

compositional gradients within such materials allows the creation of materials with unique 

electronic, thermal and mechanical properties. Second, advances in characterization 

techniques, computational modelling and fabrication methods will further improve our 

understanding of nano‐laminates, enabling the design and optimization of tailored structures 

for specific applications. Third, nano‐laminates are expected to play a crucial role in emerging 
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fields such as flexible electronics, bioelectronics and nanomedicine, where their tunable 

properties can be exploited to develop novel devices and systems.113,114 

In summary, nano‐laminates offer immense potential for engineered materials with 

exceptional properties due to their layered structure and the precise control of layer thickness 

and composition. With their diverse applications in electronics, energy, optics, catalysis and 

biomaterials, nano‐laminates are poised to revolutionize many fields. Continued advances in 

synthesis techniques, material combinations and characterization methods will help to unlock 

the full potential of this subclass of materials, enabling the development of advanced 

technologies and addressing various societal challenges. 

In this work in chapter 4, we focus on the development of MOF laminates consisting of two 

different ALD‐synthesized MOF‐type materials with similar building blocks. To the best of our 

knowledge, this is the first described route for such a material. In addition, we present a series 

of characterization techniques that allow a broad and thorough understanding of these 

systems. 

 

1.4 Passivation of micro-structured 3-D printed medical implants by use of ALD 

In recent decades, there has been a significant increase in research into the production of 

lightweight materials with excellent mechanical properties and high resistance to oxidation, 

even at elevated temperatures. Initially, this research was driven by the aerospace and 

automotive industries in the 20th century. More recently, however, there has been a growing 

interest in using these materials for biomedical applications, particularly as high‐performance 

and durable implants.115 

The most commonly used titanium alloy today is Ti‐6Al‐4V (Ti64), a high strength alloy 

containing 6% aluminium and 4% vanadium. It is used in a variety of industries, including the 

chemical, marine and aerospace sectors, as well as in the manufacture of implants and 

prostheses using techniques such as wrought, cast or additive manufacturing  (e.g. LPBF – 

laser powder bed fusion).115,116 
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While Ti64 implants are widely used in the short term, concerns arise regarding the long‐term 

utilization of these materials due to the toxicity of vanadium and aluminum, both in elemental 

form and as oxides, to the human body.117,118 This has prompted the need to explore 

alternative alloys – essentially prohibitive Ti‐Nb‐alloys – or implement surface treatments to 

mitigate implant toxicity.119,120 However, the complexity of achieving a uniform coating on 

complex three‐dimensional structures presents a challenge for the second option. 

Various methods, including solvothermal120 and vapor deposition techniques (PVD/CVD), 

have been used to obtain coatings, but they exhibit limitations in terms of coating quality and 

uniformity due to their previously mentioned line‐of‐sight transfer mechanisms. The growth 

of materials not only occurs on the substrate surface but also in the gas phase, leading to 

edge‐effects affecting the geometry of nanostructured objects.121 

One promising technique to address these challenges is atomic layer deposition. ALD offers 

precise control over film thickness and uniformity, making it suitable for coating complex 

three‐dimensional substrates with high‐purity and atomically smooth material films. As the 

main component of the Ti64 alloy is biocompatible titanium, TiO2 is as an ideal material for 

coating implants. Its strong ionic bonds also make it an excellent candidate for thin film 

diffusion barriers.122 

Characterizing the effectiveness of ALD deposition is not straightforward due to the relatively 

high levels of titanium in both the substrate and the thin film. As a result, advanced surface 

analysis techniques such as X‐ray photoelectron spectroscopy (XPS) and time‐of‐flight 

secondary ion mass spectroscopy (ToF‐SIMS) are essential for predicting the quality of the 

barrier layer. 

Despite the significant scientific and economic interest in this topic, there has been limited 

research on ALD‐TiO2 coating of 3D‐printed Ti64‐implant materials.123 In this work in chapter 

5, we aimed to demonstrate the general feasibility of ALD‐thin‐film coatings of TiO2 on porous 

3D‐printed TiVAl structures. In addition, we demonstrated the homogeneity of the coatings 

and the absence of vanadium and aluminum within the top surface layers. Furthermore, a 

comparison between these results and the intrinsic formation of Ti/V/Al‐oxides on 3D‐printed 
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TiVAl structures by annealing at different temperatures is presented. Figure 1.6 illustrates the 

experimental strategies and the expected results of the different approaches to oxide film 

formation on the implant materials. 

 

Figure 1.6: Graphic Representation of the two approaches used to form an oxide layer onto 

the 3D-printed TiVAl-implant-materials: coating of the material with TiO2-anatase, 

synthesized by use of ALD leads to formation of a dense, uniform film (left) whereas annealing 

of the uncoated samples at 300 and 700 ° C leads to the formation of various oxides (Al, V, Ti)  

on the surface (right). 
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2 Experimental Details 

The ALD configuration used in all the depositions discussed in this thesis is a Picosun R200 

Advanced ALD system, connected to a 4.5 kW iXH 100 dry pump from Edwards, which is then 

connected to an ECO GEN2 nitrogen generator. This generator dilutes all exhaust gases with 

a stream of nitrogen gas (99.9% purity). The reactor enables the deposition of ultra‐thin layers 

of material on a variety of substrates. Given its ability to accommodate up to nine 

independent precursors simultaneously (two solids, three liquids, four gases), the potential 

range of accessible materials and material combinations is enormous. 

 

 

Figure 2.1: ALD-setup at TU Wien (E165, IMC) – from left to right: Picosun R200 Advanced 
ALD reactor with human interface; Edwards iXH 100 dry pump; ECO GEN 2 nitrogen 

generator 

Although the provided setup for coating powders and other nanomaterials had some 

limitations in terms of flow dynamics and coating uniformity, we addressed these issues by 

using special particle coating moulds that were manually placed in the reaction chamber. A 

stream of nitrogen gas (99.99 % purity) was used to facilitate the purging and transport of 

precursors into the reaction chamber. A powder trap and afterburner, located between the 
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reaction chamber exhaust valve and the Edwards dry pump, ensured that no hazardous 

materials entered the laboratory exhaust lines. 

To enhance safety, a system of interlocks was implemented to automatically shut down the 

process before any potential risk to the operator or others present in the laboratory could 

occur. In addition, a combination of manual and automated valves was used to prevent 

leakage of the precursors used. 

A typical working routine for the synthesis of 2D materials using a Picosun R200 ALD reactor 

involves cutting silicon wafers and transferring the wafers and possibly other samples (such 

as powders or 3D printed monoliths) into the reaction chamber. After closing the hydraulic 

lid to the chamber, the reactor is evacuated and purged twice with N2 before the heating 

elements mounted around the reactor heat the sample holder to the set temperature set in 

the human interface. After a short stabilization period, the manual valves between the ALD 

and precursor source bottles are opened and the programmed process begins. After cooling, 

the manual source bottles are closed, the system is purged with nitrogen gas and the coated 

material is removed. After the reactor has been pumped down again, all connected source 

lines are purged with a stream of N2 and the system is fully operational again. 
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3 Atomic layer deposition of conformal Ti-

MIL-125-like metal organic framework 

ultrathin films on nanoscaled substrates 

towards photocatalysis 

 

3.1 Abstract 

We report the deposition of ultrathin (30 nm to 150 nm thickness) and conformal Ti‐MIL‐125 

metal‐organic‐framework (MOF) films by atomic layer deposition (ALD) on flat wafer 

substrates as well as on nanoscaled, complex shaped nanoparticle substrates. Notably, we 

find that our ALD MOF films show the signature of Ti‐MIL‐125 structure in Raman 

spectroscopy, while they appear amorphous in X‐ray diffractometry (XRD) (i.e. are “XRD‐

amorphous”). Consequently, we assign to our ALD MOF films limited short range order and 

therefore label them as ALD “Ti‐MIL‐125‐like” MOF films (in analogy to “diamond‐like‐

carbon”). We demonstrate the deposition of the Ti‐MIL‐125‐like ALD MOF films not only on 

planar Si wafer substrates but also on nanoscaled ~500 nm diameter SiO2 nanoparticles, thus 

forming core‐shell nanostructures with ALD Ti‐MIL‐125‐like MOF coating shells. Finally, we 

also demonstrate the hitherto not explored potential of such ALD MOF coatings as 

photocatalysts for the hydrogen evolution reaction (HER) in photocatalytic water splitting.

 

3.2 Introduction 

Metal‐organic‐frameworks (MOFs) are a subclass of coordination polymers consisting of 

nodes of metal ion(s) (clusters) that are coordinated by organic linker molecules in a 

crystalline lattice. MOFs exhibit a set of highly unique properties, incl. typically enormous 
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specific surface areas and high porosities that are tuneable by MOF composition.129 Equally, 

via variation of metal node and linker species a variety of (opto‐)electronic and catalytic 

properties can be readily engineered in MOFs. These characteristics directly lead to a very 

wide set of possible MOF applications from heterogeneous (photo‐)catalysis,49,130,131 gas 

separation/storage132 and water purification133 to (opto‐)electronic device elements.53,134,135 

This has made MOFs one of the most researched topics in materials science in recent years. 

Notably, recently, besides variation of MOF chemical composition also variation of the 

crystallinity of a given MOF has been identified as another key parameter to modify MOF 

properties and further expand their application profile in so‐called “amorphous MOFs” or 

“MOF glasses”.96,136–140 

Historically, the synthesis of MOFs is based on wet‐chemical hydrothermal and solvothermal 

techniques.129 While readily applicable to synthesis of microscopic and macroscopic MOF 

powders, such wet‐chemistry based techniques are often limited when wanting to deposit 

MOFs as thin films of ultra‐low thickness conformally on complex three‐dimensionally (3D) 

shaped substrates. Such conformally covering, ultra‐thin MOF films would however be of key 

interest as (heterostructure) catalysts or in opto‐electronic device applications.141,142 

While wet‐chemical layer‐by‐layer epitaxy towards so‐called surface‐coordinated MOFs 

(SURMOFs) is one possible way to deposit ultra‐thin MOF thin films,143 recently various 

solvent‐free gas‐phase synthesis approaches for MOF thin films emerged29,144 incl. chemical 

vapor deposition (CVD)135,145,146 or atomic layer deposition (ALD). The appeal of such solvent‐

free gas‐phase growth of MOFs thin films is multifaceted: In particular, gas phase synthesis of 

MOFs intrinsically promises highly conformal MOF thin film growth even for complex, 

nanoscaled 3D substrates at high interface quality. Uniquely, gas phase techniques are 

expected to also be potentially able to coat nm‐scaled high aspect ratio features that liquid 

deposition routes may not achieve. Gas phase techniques also open MOF deposition to 

substrates that are not compatible with wet‐chemical processing due to e.g. substrate 

stability problems with capillary forces from solvent drying or other material incompatibilities. 

Among the gas phase techniques, in particular ALD appears appealing (in the context of MOFs 

ALD is also often called molecular layer deposition (MLD)).29,144 In ALD of MOFs the precursors 
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for the  metal nodes and the linkers are typically separately pulsed over the substrates (Figure 

3.1a), leading to conceptionally ideally self‐limiting growth of only one molecular adsorbate 

layer in each pulse half‐cycle to react with each other at molecular precision upon the 

subsequent pulse to form ideally only one monolayer unit of MOF per cycle. Thereby, ALD 

promises precise thickness control down to Å‐resolution, very high interface‐quality and 

intrinsic conformal coating of complex‐shaped 3D substrates. ALD can also offer benign 

deposition conditions that are compatible with a large variety of substrates and uses an 

industrially scalable technology platform. Consequently, a number of reports have to date 

investigated the deposition of various MOF films by ALD incl. Zn‐MOF‐5, Zn‐IRMOF‐8, Zr‐UiO‐

66 and other hybrid mixed organic/inorganic structures.46,147–155 

Notably, in these prior studies one drawback of ALD MOF deposition is that the initial product 

film is typically found to be of amorphous MOF or MOF glass structure, which only sometimes 

can be crystallized in subsequent vapor annealing or autoclaving steps.46,147,148,150–152,155 

One highly interesting MOF that to date has not been deposited by ALD is Ti‐MIL‐125 (Figure 

3.1b) with composition Ti8O8(OH)4[O2C‐C6H4‐CO2]6, consisting of (Ti8O8(OH)4) clusters held 

together by benzene‐dicarboxylic linkers. Ti‐MIL‐125 is one of the most promising MOFs in 

the field of photocatalysis, in particular for photocatalytic water splitting towards sustainable 

green hydrogen production.49,131 All prior work in photocatalytic water splitting with Ti‐MIL‐

125 MOF (incl. several prior works by TU Wien) has however only utilized wet‐chemistry 

grown Ti‐MIL‐125 MOF powders.49,131 Conformally deposited thin films of Ti‐MIL‐125 MOF 

would however allow realization of novel photocatalyst concepts and form factors such as 

nanoscaled heterostructure photocatalysts to allow efficient charge separation across 

component junctions.141,142 Such conformal ultra‐thin films have to date however not been 

realized for Ti‐MIL‐125. In fact, conformal coating of nanoscale objects with films of any MOF 

structure by gas‐phase techniques remains underdeveloped. 

Filling this gap, we here report the deposition of ultra‐thin, conformally coating Ti‐MIL‐125 

MOF films by ALD on both macroscopically flat native oxide‐covered Si wafer substrates as 

well as on nanoscaled ~500 nm diameter SiO2 nanoparticles (Figure 3.1c). We employ simple 

TiCl4 and terephthalic acid (TPA, also called 1,4‐benzene‐dicarboxylic acid, BDC) precursors 
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and deposit films from 30 nm to 150 nm thickness at substrate temperatures around 260 °C. 

Notably, we find that our films show signs of Ti‐MIL‐125 structure in Raman spectroscopy, 

while the films appear amorphous in X‐ray diffractometry (XRD) (i.e. are “XRD‐amorphous”). 

Consequently, we assign to our ALD MOF films limited short range order and therefore label 

them as ALD “Ti‐MIL‐125‐like” MOF films (in analogy to “diamond‐like‐carbon”156,157). We 

further demonstrate that we can deposit the Ti‐MIL‐125‐like ALD MOF films not only on 

planar Si wafer substrates (Figure 3.1c, left) but also on nanoscaled ~500 nm diameter SiO2 

nanoparticles, thus forming unprecedented sub‐µm core‐shell nanostructures with ALD Ti‐

MIL‐125‐like MOF shells (Figure 3.1c, right). Finally, we also explore the potential of these ALD 

Ti‐MIL‐125‐like MOF films (with Pt co‐catalysts49,131) as photocatalysts for the hydrogen 

evolution reaction (HER) in photocatalytic water splitting, which to date has not been 

reported in the literature for any ALD MOFs. 
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Figure 3. 1: (a) Schematic of the ALD process for Ti-MIL-125 MOF deposition: The two 

precursors (TiCl4 and TPA) are alternatingly pulsed onto the substrate via pulsing valves. 

Nitrogen acts as a transport gas, as well as a purging gas in between the different precursor 

pulses. A dry pump keeps the pressure at about 0.1 mbar. The reaction chamber is heated by 

hot wall heating elements. (b) Atomic sketch of Ti-MIL-125 structure, showing typical (010) 

and (111) planes. Blue atoms represent Ti, red O and brown C, respectively. The sketch was 

made using an ICSD structure file158 and the software VESTA.159 (c) Schematic view of the two 

different types of substrates utilized in our experiments: Si wafer piece with ~2 nm of native 

SiO2 (left) and sol-gel synthesized ~500 nm diameter SiO2 nanoparticle (right). 

 

3.3 Results and Discussion 

All ALD depositions were performed in a Picosun R200 Advanced ALD‐reactor, equipable with 

up to 9 precursor sources (solid, liquid, gaseous). The system is pumped to a base pressure 

(without pulsing) of 0.1 mbar. The synthesis procedure for Ti‐MIL‐125 involved alternating 

pulse‐purge‐cycles of two precursors, namely vapors from liquid TiCl4 (99.7% purity) and solid 
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TPA (99% purity). For TiCl4 feeding, only the room temperature vapor pressure of liquid TiCl4 

(~13 mbar) was used.160 For TPA feeding, the solid precursor material was heated in its source 

to 165 °C, resulting in a vapor pressure of ~1 mbar.46,161 It is important to note that pulsing 

valves and lines in our ALD system are heatable to avoid re‐condensation of precursor vapor 

in lines and pulsing values. For TPA we set line and pulsing valve heating to 175 °C to avoid 

condensation. A flow of N2 gas (5.0 purity) was applied as both transport gas for the 

precursors to the substrate and as purging gas between pulses (250 sccm). We employed a 

pulse‐purge sequence of 20 s TPA – 40 s purge – 4 s TiCl4  – 8 s purge, which we ensured to 

be well above the saturation range when comparing with experimental results using XRR as 

well as literature data.46 We base this selected pulsing pattern on inspection of established 

protocols for TiO2 deposition in our ALD reactor 162, adjusted by prior literature on MOF ALD.46 

Film thicknesses are controlled via the number of pulse cycles (see below). The substrates are 

heated in the ALD chamber via a hot‐wall heater arrangement. We initially screened a 

substrate temperature range of 210 °C to 310 °C. The lower limit (210 °C) resulted from 

selecting a sufficiently high temperature to safely avoid physical re‐condensation of the TPA. 

The upper limit (310 °C) resulted from the maximum heating temperature our system can 

achieve. From initial ALD deposit characterization we obtained Raman signatures for best 

MOF crystallization (Figure 3.5a) for a substrate temperature of 260 °C, which we therefore 

investigate as substrate temperature for the remainder of this study. We attribute the limited 

stability of the MOF films at substrate temperatures <260 °C in Figure 3.5a to insufficient 

energy provided for proper MOF formation, while the low Raman signal at temperatures >260 

°C in Figure 3.5a is assigned to onset of thermal MOF degradation via linker labilization. The 

observation of a narrow intermediate temperature range for successful MOF ALD is in line 

with prior literature on other MOFs.46  

3.3.1 Flat Si substrates. 

We first focus on development of an ALD process for Ti‐MIL‐125 deposition on the 

macroscopic, planar Si wafer substrates (Figure 3.1c, left). This is because ALD on planar 

substrates is much more established, largely due to easier control of precursor flow 

patterns.163 In contrast, ALD on nanoscopic powder substrates such as the ~500 nm SiO2 
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nanoparticles (Figure 3.1c, right) can be challenging even for well‐established ALD materials 

like oxides due to more complex flow dynamics.163 

Figure 3.2a shows optical photographs of Si wafer pieces before (left) and after our ALD 

process (right). The change in color of the sample after deposition of 1000 pulse cycles (right) 

is clearly visible optically and indicative of a homogeneous film deposition laterally on a cm 

scale. Figure 3.2b shows a corresponding scanning electron microscopy (SEM) image of the 

as‐deposited film, indicating an overall homogeneous and on a nm‐scale flat morphology with 

only few ~500 nm wide slightly protruding growth features superimposed. Such morphology 

has been reported previously for other ALD MOF films on flat substrates.46 

To check for successful deposition of the Ti‐MIL‐125 MOF, we check via X‐ray photoelectron 

spectroscopy (XPS) the corresponding Ti2p, O1s and C1s core levels of the as‐deposited films 

in Figure 2.2c. We find that the peak shapes and positions are in excellent accordance with 

literature on XPS characterization of Ti‐MIL‐125.49,164,165 Notably, the observed Ti2p and O1s 

spectra exclude the formation of TiO2 as an undesired (side‐)product in our ALD MOF 

films.49,166 Elemental quantification of the as‐deposited ALD films from XPS (Table 3.1) shows 

good accordance with the Ti:O:C stoichiometry compared to nominal Ti‐MIL‐125 composition, 

albeit a small level of excess TPA linker presence is detected in addition to the Ti‐MIL‐125 

stoichiometry. We note that some of the oxygen in the (Ti8O8(OH)4) clusters is likely to stem 

from partial TPA dissociation and rearrangement. 
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Figure 3. 2: (a) Photograph of a bare Si wafer (left) and a Si wafer covered with as-deposited 

1000 pulse cycles of ALD MOF (right). (b) Corresponding scanning electron microscopy (SEM) 

image of the as-deposited film, indicating an overall homogeneous and on a nm-scale flat 

morphology with only few ~500 nm wide slightly protruding features superimposed. (c) XPS of 

the corresponding Ti2p, O1s and C1s core levels. The peak shapes and positions are in excellent 

accordance with literature on XPS characterization of Ti-MIL-125 powder.49,164,165  

  C/O C/Ti Ti/O 
measured elemental 

ratios 2.00 7.08 0.28 
nominal elemental 

ratios 1.33 6.00 0.22 
 

Table 3. 1: Quantification results determined by XPS. After peak‐fitting and removal of the 

signals caused by adventitious C, the elemental ratios calculated were compared to the 

nominal composition of Ti‐MIL‐125, showing generally very good agreement, indicative of 

successful Ti‐MIL‐125 deposition by ALD. The values for C/O and C/Ti measured with XPS are 

however somewhat higher than the nominal concentration, indicating an access of TPA 

linker present within the ALD MOF film. 
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Figure 3.2 has so far revealed that we have deposited homogeneous, flat films with an overall 

composition and chemical states corresponding to Ti‐MIL‐125 via our ALD process. To 

understand the structure of the deposited film we present in Figure 3.3a Raman spectroscopy 

measurements of the ALD MOF films (blue and red traces), referenced also against 

solvothermally produced high‐quality Ti‐MIL‐125 microcrystal powders (black trace)49 and 

neat TPA powder (gray trace).164,167–169 Expected Raman peak positions for crystalline Ti‐MIL‐

125 (black trace) are at ~1147, ~1435, ~1451 and ~1617 cm‐1.170 These are linked to the 

vibrational modes of the TPA‐linker in the Ti‐MIL‐125 structure, in detail the symmetrical and 

asymmetrical vibrational modes of the COO‐group, as well as the vibrational modes of the C‐

H and C=C bonds.165 For the as‐deposited ALD MOF films from 260 °C substrate temperature 

(blue trace) we measure broad Raman bands around these positions in Figure 3.3a. The 

position and broadness of the bands for the as‐deposited ALD MOF films would be consistent 

with a Ti‐MIL‐125 structure of a low degree of crystallization.166 We also note that additional 

Raman data in Figure 3.5b further excludes (in line with the XPS above) that TiO2 was formed 

as an undesired (side‐)product in our MOF ALD process. 

What is however complicating a structural assignment is that neat TPA (i.e. that is not placed 

as linker within a crystalline Ti‐MIL‐125 structure) has Raman bands (grey trace in Figure 3.3a) 

at positions that are also close to those of Ti‐MIL‐125.49,169 We therefore employ post‐

deposition washing of the as‐deposited films in Dimethylformamide (DMF) which is a known 

solvent that dissolves neat TPA but not Ti‐MIL‐125 MOFs.171 We find that this washing via 

DMF soaking for >24h improves the structural Raman fingerprints of our ALD MOF films, as 

observed by sharpening of the peaks in Figure 3.3a (red trace). Notably this DMF washing 

leaves the optical appearance of the ALD MOF films without signs of dissolution of the 

deposited material (photograph in Figure 3.4). We suggest that via this DMF washing the 

majority of excess TPA that is not linked into Ti‐MIL‐125 structure is removed from the 

deposits (with a small amount of excess TPA remaining as seen by the minority peak ~1300 

cm‐1 in the red trace in Figure 3.3a). We find that this treatment also allows the ALD MOF 

deposits to further crystallize via the soaking (which is in line with prior work on other ALD 

MOFs46). The Raman signal of ALD MOF deposits after DMF washing in Figure 3.3a (red trace) 

is thus indicative of Ti‐MIL‐125 structure for our ALD MOFs, albeit of lower degree of 
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crystallization compared to solvothermal Ti‐MIL‐125 (black trace in Figure 3.3a), as evidenced 

by the still much wider peaks in the red trace. Consistent with this low degree of crystallization 

from Raman measurements, corresponding X‐ray diffractometry (XRD) measurements (Figure 

3.3b) did not exhibit reflections 96,136,138, neither for as‐deposited nor DMF‐soaked films. This 

indicates that our ALD films are “XRD‐amorphous”. Raman is generally more sensitive towards 

even shorter range ordering than XRD, and thus evidence of structure in Raman spectroscopy 

but its absence in XRD typically indicates presence of a certain structure at only short range 

order (i.e. low crystallinity).172 
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Figure 3. 3: (a) Raman spectra of ALD MOF film as-deposited (blue) and after treatment with 

DMF (red) as well as a reference spectrum of solvothermal synthesized Ti-MIL-125 (black) and 

neat TPA (grey). Spectra plotted to lower wavenumbers and additional Raman data are shown 

in Figure 4. (b) XRD diffractogram of an as-deposited ALD MOF film. The absence of any sharp 

reflexes indicates that there is no long-range order within the ALD MOF film, i.e. it is “XRD-

amorphous”. 
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Figure 3. 4: Photograph of a Si wafer coated with 1000 pulse cycles of ALD MOF films as 

deposited (left) and after long‐term DMF‐washing (right); note that both samples appear 

visually blue and dull while a bare Si wafer shows a shiny silvery surface. 

 

Figure 3. 5: a ‐ Raman spectra obtained on (~500 nm) silica particles coated with 1000 pulse 

cycles of TiCl4 and TPA at various temperatures. While the material synthesized at 210 °C 

shows signals in the range of expected transitions of Ti‐MIL‐125, the film deposited at that 

temperature dissolves in DMF and any signals present vanish upon DMF washing. Conversely, 

the film deposited at 310 °C shows reduced signs of crystallinity in terms of Raman signatures. 

The film deposited at 260 °C combines a good signal and remains fully stable upon DMF 

washing, thus identifying 260 °C as ideal deposition temperature under our conditions. All 
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further detailed experiments were therefore carried out at 260 °C deposition temperature.  b 

‐ Raman spectra of from top to bottom: ALD MOF film, as deposited on (~500 nm) silica 

nanparticles (blue), solvothermal synthesized Ti‐MIL‐125, neat TPA powder, bare silica 

nanoparticles as reference, ALD TiO2. The ALD TiO2 was similarly deposited at ~260 °C using 

TiCl4 and water in the same ALD system. The ALD TiO2 shows a Raman fingerprint consistent 

with anatase (REF).1 Notably, absence of the strongest anatase peak (Eg) at 145 cm‐1 in the 

Raman spectra of the ALD MOF excludes the presence of TiO2 as an undesired (side‐)product 

in the ALD MOF films. The data shown in this figure is similar to Figure 3a but shows the Raman 

spectra over the full range. 

 

Combining the morphological, compositional and structural characterization data so far, 

suggests that we have in our ALD process deposited homogeneous, flat MOF films with a 

composition consistent with Ti‐MIL‐125 and a structure that corresponds to Ti‐MIL‐125, albeit 

at low structural order. Due to this limited short range order of Ti‐MIL‐125‐type in our films, 

we terms these as “Ti‐MIL‐125‐like” MOF films (in analogy to “diamond‐like‐carbon”156,157). 

We provide further assessment of our Ti‐MIL‐125‐like ALD MOF films by studying their 

growth‐per‐cycle characteristics which are key parameters in ALD film growth development. 

To this end we employ X‐ray reflectivity (XRR) which gives us access to thickness and density 

of the ALD films on the Si‐wafer substrates. Figure 3.6a shows two exemplary XRR 

measurements for 500 and 1000 pulse cycle depositions, respectively. Plotting XRR‐derived 

thicknesses for depositions ranging from 500 to 2500 pulse cycles indicates linear growth 

behavior and allows calculation of the growth‐per‐cycle via a linear fit (Figure 3.6b), which 

yields a growth‐per‐cycle of ~0.58 Å per cycle for our conditions at 260 °C. Notably our XRR 

data in Figure 6b shows that we can controllably deposit the Ti‐MIL‐125‐like ALD MOF films 

in a range of ultra‐low thickness from ~30 to 150 nm. Concurrent XRR‐based estimation of the 

density of the films yields values ranging 1.73 to 1.89 g/mL which compares well with the 

nominal density of Ti‐MIL‐125 of 1.66 g/mL (calculated via structure file158) as well as the 

density of 1.84 g/mL measured on the isostructural MOF Ti‐NH2‐MIL‐125 using He‐
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pycnometry.173 This excellent agreement in film density values further corroborates our 

structural assignment of our ALD MOF films to Ti‐MIL‐125‐like structure. 

 

Figure 3. 6: (a) XRR data obtained for two ALD films deposited with 500 and 1000 pulse cycles, 

respectively. The black dots are the experimental data points, the red curve shows the fitted 

graph. (b) Linear fit for thickness-values obtained by use of XRR for samples covered with 500 

to 2500 deposition cycles, the slope of this fit (0.59 Angstrom per cycle) is referred to as growth 

per cycle value. 

 

3.3.2 Nanoscopic ~500 nm diameter SiO2 nanoparticle substrates. 

All so far presented ALD MOF films in this study were deposited onto macroscopic, planar Si 

wafer substrates. Such mirror‐polished flat substrates however do not make use of ALD’s key 
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advantage of potentially conformal coating of nanoscaled objects.141,163  Therefore, we in the 

following present data on ALD MOF deposition on nanoscopic ~500 nm diameter SiO2 

nanoparticles. For a transmission electron microscopy (TEM) image of such SiO2 nanoparticles 

before ALD see Figure 3.7. A similar ALD coating with a layer of Titania of nanoparticles is 

displayed in Figure 3.8. Note in this context that ALD onto nanoscopic powders is still an active 

emerging area in research in itself and remains underdeveloped even for standard ALD 

materials such as oxides,163 let alone for MOFs by ALD. 

 

Figure 3. 7: Bright‐field TEM image of as synthesized, uncoated SiO2 nanoparticles used for 

later powder coating with MIL‐125‐like material (and reference TiO2 as shown in Figure 2.8) 

by ALD. 
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Figure 3. 8: TEM images of ALD TiO2 coating on SiO2 nanoparticles whereby the ALD coating 

was similarly deposited at ~260 °C using TiCl4 and water in the same ALD system. This results 

in more or less homogeneous nanocrystalline TiO2 coatings on the SiO2 nanoparticles with 

similar thickness to the ALD Ti‐MIL‐125‐like material. Due to epitaxic growth mechanism of 

ALD the uniformity of the coating is reduced when comparing to an amorphous material. 

Figure 3.9a shows a scanning transmission electron microscopy (STEM) image of a SiO2 

nanoparticle after our MOF ALD process, acquired via high angle annular dark field (HAADF) 

mode, which provides mass‐thickness contrast.174 Thus the HAADF image in Figure 3.9a 

already indicates a clear core‐shell structure, which is absent in the uncoated particles (Figure 

3.7). Notably the lower HAADF intensity in the shell indicates that the shell is of lower density 

than the core, which is consistent with a Ti‐MIL‐125 shell on a SiO2 core. The assignment of 

the shell to Ti‐MIL‐125 is further corroborated by the energy dispersive X‐ray (EDX) mapping 

in Figures 3.9b‐e: Figure 3.9b clearly shows the Si signal to be located only in the core region. 

In stark contrast, Ti (Figure 3.9c) and C (Figure 3.9d) signals are located in the homogeneous 

shell structure with thickness of ~110 nm. This is fully consistent with a Ti‐MIL‐125 shell. O 

signal (Figure 3.9e) is correspondingly present in both the SiO2 core and Ti‐MIL‐125‐like shell. 

Raman measurements of such SiO2 nano‐powders after ALD coating exhibit a Raman signal 

consistent with Ti‐MIL‐125‐like coatings, akin to the discussion above. Consequently, Figure 

3.9 confirms conformal coating of SiO2 nanoparticles by Ti‐MIL‐125‐like shells via our ALD 

process. 
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Figure 3. 9: (a) HAADF STEM image showing a SiO2 nanoparticle coated with ~110 nm of Ti-

MIL125-like material by ALD in a core-shell structure. (b) to (e) corresponding EDX maps: (b) 

Si-K-edge; (c) Ti-K-edge; (d) C-K-edge; (e) O-K-edge. In (d) one can also see a strand from the 

lacey carbon support on which the core-shell structure is immobilized on for STEM imaging. 

Successful coating of the SiO2 nanoparticle powder with the Ti‐MIL‐125‐like MOF films also 

opens these ALD MOF materials to study with powder‐based techniques that are usually not 

possible with flat wafers. In particular physisorption/Brunauer‐Emmett‐Teller (BET) specific 

surface measurements become possible via the core‐shell Ti‐MIL‐125‐like MOF/SiO2 

nanoparticle powders. We note however that for our ~100 nm ALD MOF films BET specific 

surface area measurements are still very challenging, as also recently explicitly highlighted in 

the literature on ALD MOFs.175 Correspondingly, our N2 physisorption measurements at 77 K 

and their BET analysis measurements turned out to be a quite challenging instrumentally, 

mostly since the total amount of material (ALD MOF‐like coated SiO2 nanoparticles) 

obtainable at this proof‐of‐point was only some tens of milligrams, of which the coating also 

only comprised an estimated ~70% volume fraction. For this reason, we also do not initially 

safely assign absolute specific surface area values (due to possible systematic error from low 

amount of material) but instead first discuss the relative increase in specific surface area upon 

ALD MOF coating. The obtained adsorption‐desorption isotherms from physisorption 

measurements at 77 K are shown in Figure 3.10 and analyzed in Table 3.2. Notably we 

measure for bare SiO2 nanoparticles signs of mesoporosity and a specific surface area of 107.8 

m2/g, compared to an estimated specific surface area of approximately 5.1 m2/g for a simple 

model for a non‐porous ~500 nm diameter SiO2 nanoparticle, indicating that the sol‐gel SiO2 

nanoparticle substrates also have some intrinsic porosity (Table 3.2). Upon Ti‐MIL‐125‐like 
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MOF shell ALD we however measure development of both micro‐ and mesoporosity and also 

a market increase in specific surface area by a factor of 2.7 to 288.9 m2/g. Notably, this is a 

clear relative increase, while one would expect a decrease from the diameter increase of a 

non‐porous Ti‐MIL‐125‐like coated SiO2 nanoparticle (Table 3.2). Therefore, our BET 

measurements strongly indicate introduction of additional micro‐ and mesoporosity and 

corresponding increase in specific surface area via ALD of our Ti‐MIL‐125‐like MOF on SiO2 

nanoparticles to an absolute value of 288.9 m2/g. Prior reported specific surface areas of 

reference solvothermally synthesized Ti‐MIL‐125 micropowders were ~1400 m2/g.49 Thus our 

specific surface area of the Ti‐MIL‐125‐like MOF coated nanoparticles falls surprisingly well 

within a factor of ~5 of the optimized, highly crystalline solvothermal Ti‐MIL‐125 micropowder 

reference. In line with the above observed lower degree of crystallinity of the ALD Ti‐MIL‐125‐

like MOF we also ascribe this significant but still lower absolute specific surface area to the 

lower degree of crystallization in the ALD process compared to optimized hydrothermal 

synthesis. 

 

Figure 3. 10: Adsorption (ads.) and desorption (des.) isotherms measured by N2 physisorption 

at 77 K, the blue graph shows the uncoated SiO2 nanoparticles while the red curve shows 
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particles coated with 1000 pulse cycles of ALD Ti‐MIL‐125‐like MOF. The data indicates that 

bare SiO2 nanoparticles have mesoporosity. In contrast, upon coating with the ALD MOF clear 

signs of microporosity and increased mesoporosity are observed. Extracted BET specific 

surface areas are presented in Table 3.2. 

  
Estimated 
radius (nm) 

Estimated 
Volume (m3) 

Estimated 
mass (g) 

Estimated 
Surface (m2) 

Estimated specific 
surface (m2/g) 

BET surface 
area (m2/g) 

bare SiO2 
nanoparticles 270 8.2E‐20 1.8E‐13 9.2E‐13 5.1E+00 1.1E+02 
coated SiO2 
nanoparticles 402 2.7E‐19 5.0E‐13 2.0E‐12 4.1E+00 2.9E+02 

 

Table 3. 2: Calculations used for estimation of the expected specific surface of the bare non‐

porous SiO2 nanoparticle incl. Ti‐MIL‐125‐like coating assuming non‐porosity, as well as 

measured corresponding BET‐results. 

 

 

3.3.3 Photocatalytic HER measurements. 

To finally also test the functionality of the produced ALD Ti‐MIL‐125‐like material, we employ 

our ALD Ti‐MIL‐125‐like coated SiO2 nanoparticles as photocatalysts in suspension‐type 

photocatalytic HER for water splitting. In particular, we compare our ALD Ti‐MIL‐125‐like 

material on SiO2 nanoparticles with reference solvothermally produced Ti‐MIL‐125 

micrometer‐scale crystalline particles,49,131 as well as with ALD TiO2 coatings on SiO2 

nanoparticles 176 and standard commercial anatase TiO2 nanoparticles (99.7 %, 25 nm, Sigma 

Aldrich).177 The comparison with TiO2 allows a contrast to the to date benchmark 

photcatalytic HER catalyst used in a majority of the literature.177 In line with all prior 

literature,49,131 we use for all measurements 1% Pt as HER co‐catalyst, a 1:1 mixture of 

water:methanol (whereby the latter acts as sacrificial hole scavenger) as suspension medium 

and UV‐light (280 ‐ 400 nm) as excitation source in a custom‐built modular photocatalysis 

reactor. Quantification of the formed amount of H2 gas was performed by use of gas 

chromatography. 
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Table 3.3 shows the obtained HER evolution performance from the various samples. We first 

note that bare SiO2 nanoparticles as a baseline reference do not show any photocatalytic HER 

activity i.e. bare SiO2 are inactive towards HER and thus only act as an inert support. When 

SiO2 nanoparticles are coated with our ALD Ti‐MIL‐125‐like material we obtain a 

photocatalytic HER evolution of ~28 µmol/(h·g) H2. As a direct comparison from the same ALD 

system, we then measure ALD TiO2 coatings that were similarly deposited at ~260 °C using 

TiCl4 and water in the same ALD system on SiO2 nanoparticles. As seen in the TEM 

characterization in Figure 8, this results in homogeneous nanocrystalline TiO2 coatings on the 

SiO2 nanoparticles with similar thickness to the ALD Ti‐MIL‐125‐like material. These ALD TiO2 

coatings on SiO2 nanoparticles yield a H2 evolution performance of ~1900 µmol/(h·g) H2 under 

otherwise same HER conditions. At first glance a performance ratio of only ~0.015 for our ALD 

Ti‐MIL‐125‐like material vs. ALD TiO2 may appear disappointing. To contextualize these 

values, in a next step we however measure the HER performance ratio of benchmark 

solvothermal Ti‐MIL‐125 micrometer‐scale crystalline particles (~2000 µmol/(h·g) H2) vs. 

benchmark commercial anatase TiO2 nanoparticles (~8000 µmol/(h·g) H2). This results in a 

HER performance ratio of benchmark solvothermal Ti‐MIL‐125 vs. benchmark anatase TiO2 

nanoparticles of ~0.25. The comparison to these highly optimized and highly crystalline 

benchmark systems shows that ALD coatings deposited at ~260 °C generally result in lower 

catalytic activity for both Ti‐MIL‐125 and TiO2 systems. In turn, these results also imply that 

compared to the solvothermal benchmark standards, our ALD Ti‐MIL‐125‐like coatings 

perform within one order of magnitude of relative performance versus the corresponding 

TiO2 comparison material. This shows that ALD MOF coatings could not only allow highly 

conformal ultra‐thin coating of nanoscale objects (as demonstrated above) but also offer a 

perspective for actual photocatalytic activity and application, which to date has not been 

demonstrated in the literature for ALD MOF materials. The overall lower performance ratio 

of ALD Ti‐MIL‐125‐like materials/ALD TiO2 (0.25) vs. benchmark solvothermal Ti‐MIL‐

125/benchmark anatase TiO2 nanoparticles (0.015) can be ascribed to the lower degree of 

crystallinity and porosity observed above in the ALD Ti‐MIL‐125‐like material. 
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[H2] ‐ 

µmol/(h·g) 

ratio [H2] from 

MOF/TiO2 

Bare SiO2 nanoparticles 0  

   

ALD Ti‐MIL‐125‐like 

coating 28 0.015 

ALD TiO2 coating 1876   

      

solvothermal Ti‐MIL‐125 

micropowder 1990 0.25 

TiO2 nanopowder 

(anatase) 8021   
 

Table 3. 3: Hydrogen evolution rates [H2] and their respective ratios of bare SiO2 nanoparticles, 

ALD Ti-MIL-125-like coating on SiO2 nanoparticles, ALD TiO2 coating on SiO2 nanoparticles, 

solvothermal Ti-MIL-125 micropowder and TiO2 nanopowder (anatase) benchmark. 

3.4 Conclusions 

In this work we demonstrated the deposition of ultra‐thin (~30 nm to 150 nm), highly 

conformal films of Ti‐MIL‐125‐like material by ALD not only onto flat wafer substrates but also 

onto nanoscale objects, in particular forming unprecedented ultra‐thin, homogeneous Ti‐MIL‐

125‐like shell coatings on SiO2 nanoparticle cores. Complementary structural characterization 

indicates a comparatively low degree of crystallization in the ALD MOF films, which is why we 

term these as “Ti‐MIL‐125‐like”, given their structural characteristics of Ti‐MIL‐125 observed 

in Raman spectroscopy but remaining XRD‐amorphicity. We demonstrate that these ALD Ti‐

MIL‐125‐like materials show sizeable activity in photocatalytic hydrogen evolution from water 

splitting. Our work thereby extends ALD MOFs not only to production of ultra‐thin and 

homogeneous ALD MOF coatings on nanoscaled, complex shaped substrates (as 
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demonstrated here for SiO2 nanoparticle substrates) but also opens an application 

perspective of such ALD MOF films in photocatalysis. 

 

3.5 Methods 

3.5.1 ALD. 

All ALD depositions were conducted using a Picosun R200 Advanced ALD‐reactor, which can 

accommodate up to 9 precursor sources (solid, liquid, gaseous). The system's base pressure, 

without pulsing, was maintained at 0.1 mbar. The synthesis procedure for Ti‐MIL‐125 involved 

a series of alternating pulse‐purge cycles using two precursors: vapor from liquid TiCl4 (with a 

purity of 99.7%) and solid TPA (with a purity of 99%). Liquid TiCl4 was used at its room 

temperature vapor pressure (~13 mbar) for feeding. The solid TPA precursor was heated to 

165 °C in its source, resulting in a vapor pressure of approximately 1 mbar. Pulsing valves and 

lines in our ALD system are heated to prevent the re‐condensation of precursor vapor. In the 

case of TPA, the line and pulsing valve heating were set to 175 °C to avoid condensation. A 

flow of N2 gas (purity of 5.0) was used both as a transport gas for the precursors to the 

substrate and as a purging gas between pulses (250 sccm). We employed a standard pulse‐

purge sequence of 20 s TPA ‐ 40 s purge ‐ 4 s TiCl4 ‐ 8 s purge. Film thicknesses were controlled 

by the number of pulse cycles. The substrates were heated inside the ALD chamber using a 

hot‐wall heater. For depositions on Si wafers, a wafer holder (fitting 100‐, 200‐ and 300‐mm 

samples) provided by the manufacturer was used. A 100‐mm wafer was used as platform for 

smaller, manually cut pieces of wafers. Powder coatings were performed using an Al2O3 

crucible that was filled with approximately 100 mg of SiO2 nanoparticles, placed underneath 

the precursor distribution place and right next to the pumping line. Additionally, some 

powder coatings were directly performed on SiO2 nanoparticles that were immobilized on 

lacey carbon TEM grids for comparison to the standard powder recipe. We note that generally 

the observed homogeneity of ALD MOF coatings is better for flat Si wafer substrates, while 

for SiO2 nanoparticles variations in coating homogeneity are often observed, especially for 

higher powder loadings in the crucible, presumably due to flow differences through a deep 

powder bed. This is a challenge in line with prior reports on ALD coating of fine powders.163 
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Since the standard pulse‐purge scheme was well above the saturation range no changes were 

applied on the ALD recipe for coating of wafer samples or powder samples. 

 

3.5.2 Substrates. 

Si‐wafers were commercially sourced from Silicon Materials (polished, (100)‐oriented, P‐

doped wafers with 2 nm native oxide, a thickness of 525 µm and 100 mm diameter) and 

cleaved by hand to ~1 × 1 cm pieces for our experiments. SiO2 nanoparticles were synthesized 

using the sol‐gel method following a published recipe.178,179 The following substances were 

employed: tetraethylorthosilicate (TEOS) with a purity of 99.9%, absolute ethanol (EtOH) with 

a purity of 99.5%, concentrated ammonia and water. The procedure commenced by adding 4 

mL of a saturated ammonium hydroxide solution to 50 mL of absolute EtOH in a flask. 

Subsequently, TEOS (0.28 mol/L) was introduced into the mixture. Within minutes, the 

mixture transformed into a white suspension, which was stirred for 120 min. Following a 24 

h aging process, the sol underwent gelation. To obtain nanoparticles, the gel was subjected 

to drying at 100 °C for 2 h to eliminate water and organic compounds. Subsequently, the dried 

gel underwent calcination at 450 °C for 3 h, resulting in a powder that was subsequently 

ground. 

3.5.3 Characterization. 

SEM was performed on a FEI Quanta 250 Field‐Emission‐Gun‐SEM, equipped with an 

Everhardt‐Thornley secondary electron detector. The device was operated at an electron 

acceleration voltage of 10 kV at a working distance of about 5 mm. XPS was measured in a 

custom‐designed XPS system (SPECS) using monochromatic Al‐Kα (1486.6 eV) radiation and a 

hemispheric Phoibos WAL 150 photoelectron energy analyzer. Raman spectra were measured 

using a 488 nm laser source equipped on a WITech alpha 300 RSA+ confocal Raman 

spectrometer. XRD measurements were performed using a X’Pert MPDII diffractometer in 

Bragg‐Brentano geometry (with application of an Ω‐offset to suppress overwhelmingly 

intense single‐crystal Si‐wafer substrate reflections), equipped with a Cu‐Kα X‐Ray source and 
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an X’Celerator semiconductor detector. The samples were mounted on the spinning holder 

with a rotation speed of four seconds per rotation. X‐ray reflectivity (XRR) experiments were 

carried out within a scattering angle range of ‐0.5° < 2 < 2.5° at a Malvern PANalytical (B.V.) 

Empyrean diffractometer. The line focus of an Empyrean Cu LFF HR X‐ray tube was used for 

the measurements. This metal‐ceramic tube has a maximum power rating of 1.8 W and a focal 

spot of 12 mm × 0.4 mm. The exit window consists of beryllium with a thickness of 300 μm. 

The tube was operated at 45 kV and 40 mA. A hybrid monochromator consisting of a 

parabolical shaped graded multilayer and a channel‐cut Ge(220) crystal in one modulewas 

used to provide almost pure Kα1 radiation. The Kα2 radiation is reduced to below 0.1% of the 

original value. The parallel beam X‐ray mirror module contains a parabolical shaped graded 

multilayer. It converts the divergent beam into a monochromatic Kα quasi‐parallel beam. The 

Kβ radiation is reduced to below 0.5% of the original value. The beam divergency was reduced 

to 1/32° by placing a fixed vertical entrance slit and a 10 mm horizontal mask in front of the 

monochromator. On the second beam path a 0.18° vertical Soller was introduced together 

with a 0.18° receiving slit in front of a scintillation detector. The detector to sample distance 

for this instrument is fixed to 240 mm. The data was analysed using Refnx.180 The density was 

calculated from the evaluated scattering length density using the chemical formula of Ti‐MIL‐

125. The same device was also used for additional grazing incidence (GI) XRD‐measurements 

with a parallel beam mirror instead of the alpha‐hybrid monochromator, which yielded similar 

“XRD‐amorphicity” as the Bragg‐Brentano XRD measurements above. TEM measurements 

and STEM‐EDX‐mapping were performed on a Tecnai F20 FEG‐TEM, equipped with a X‐FEG, 

a Gatan Rio16 CCD‐camera, Gatan DigiSTEM II with HAADF detector for STEM imaging and an 

EDAX‐AMETEK Apollo XLTW SDD EDX‐detector. The operating voltage was kept at 200 kV for 

all measurements. N2 physisorption measurements were performed at 77 K with a 

Micromeritics 3Flex device. The specific surface area was calculated using the Brunauer‐

Emmet‐Teller (BET) equation. Prior to the physisorption experiments, the samples were 

degassed in vacuum at a temperature of 150 °C for a duration of 10 hours.  

 

 

 



 
48 

 
 

3.5.4 Photocatalytic HER tests. 

HER experiments were done using a side‐irradiation batch‐type home‐made reactor equipped 

with a water cooling circuit kept at 15 °C during the reaction.181,182 For the experiments 10 mg 

of the photocatalyst materials was weighed into 2 ml of a 1:1 MeOH:H2O solution with 

methanol taking the role of the sacrificial agent.181 1% Pt (with respect to the catalyst mass) 

was photodeposited in situ as HER co‐catalyst by adding a corresponding amount of 

hexachloroplatinic acid (H2PtCl6); in line with prior HER photocatalysis literature on Ti‐MIL‐

125.49,131  The reactor was closed and purged with argon through the septum to remove any 

dissolved oxygen. For illumination purposes, a 200 W super‐pressure Hg lamp (with a 

wavelength range of 240‐400 nm and an intensity of ~30 mWcm‐2; Superlite SUV DC‐P deep 

UV model from Lumatec) was utilized. The light was delivered via optical fiber light 

guide.49,131,181 Before illumination , 200 µL of the reactor’s gaseous phase was sampled using 

gas‐tight Hamilton syringe and injected into the gas chromatography (GC) instrument (GC‐

2030, Shimadzu; Micropacked‐ST Column, ShinCarbon; and barrier discharge ionization 

detector, BID) to confirm successful degassing and the absence of any undesired components 

in the head space. The light source was then turned on and the amount of photocatalytically 

evolved H2 accumulated in the head space was analyzed by taking 200 µL injection volumes 

at different time intervals. The GC‐derived amounts of H2 evolved in ppm were converted to 

µmol considering the head space volume (via ideal gas equation). The activities were finally 

normalized per mass of the photoactive component, which in the case of the SiO2/MIL‐125‐

like and SiO2/TiO2 core‐shell structures considered only the mass of the MIL‐125‐like or TiO2, 

respectively. Reference solvothermal Ti‐MIL‐125 powder was synthesized following published 

recipes.49,131 Reference TiO2 nanoparticles (anatase) were purchased from Sigma Aldrich (99.7 

%, PCode 1002920065). Reference ALD TiO2 coating on SiO2 nanoparticles was done at ~260 

°C using TiCl4 and water in the same ALD system.  
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4 Synthesis of Metal-Organic-Framework 

Nano-Laminates by ALD 

 

4.1 Abstract 

We demonstrate the deposition of ultrathin (40 nm to 200 nm thickness) nano‐laminates 

consisting of alternating layers of Ti‐MIL‐125‐ and UiO‐66‐like metal‐organic‐framework 

(MOF) films by atomic layer deposition (ALD). We find that structurally our ALD MOF 

laminates show characteristic MOF‐features in Raman spectroscopy, while they appear 

amorphous in X‐ray diffractometry (XRD) (i.e. are “XRD‐amorphous”) in the as‐deposited 

state. Subsequent annealing steps enabled post‐deposition crystallization of the films to a 

certain extent but at the expense of the controlled nano‐laminate morphology. In general, we 

introduce a scalable and reproducible route towards synthesis and integration of MOF‐like 

nanolaminates. 

4.2 Introduction 

A metal‐organic‐framework (MOF) is a type of material composed of metal ions or clusters 

(nodes) and organic molecules (linkers) which are linked together to form a three‐dimensional 

network.61,183,184 MOFs have attracted considerable attention in recent years due to their 

unique combination of high surface area, tunable porosity, and chemical stability, which 

makes them attractive for a wide range of applications, such as biomedical applications185,186, 

gas storage and separation47,48, catalysis49,76,187,188 or as ultra‐low‐k dielectrics in 

semiconductor industries.189–192 

While classical, usually solvothermal approaches to the synthesis of MOFs result in highly 

ordered nanoparticles, in recent years, new synthetic techniques and approaches have 

allowed the formation of amorphous Metal‐Organic Frameworks that lack long‐range 

crystalline order, but still retain their outstanding properties.95,96,193,194 Unlike crystalline 
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MOFs, which have a well‐defined and periodic structure, amorphous MOFs have a disordered 

and random arrangement of their constituent molecules. 

Today amorphous MOFs can be synthesized by a variety of methods, including sol‐gel 

processes195,196, rapid precipitation197, melt quenching198,199 or vapor‐based deposition 

techniques.95,200 Similar to their crystallin analogues they have potential applications in 

sensing, gas storage, catalysis, and drug delivery due to their high surface area, tunable pore 

size, and active metal centers, while their amorphous nature allows for greater flexibility in 

their design and synthesis.95 

A well‐known challenge in working with amorphous MOFs is the aforementioned lack of long‐

range order, which makes it difficult to determine their exact structure and properties. 

However, recent advances in characterization techniques and understanding of these 

materials, have helped to elucidate their structures and properties and to identify an 

adequate range of methods for a sufficient description.95,96,193,201 

A specific area of research that has not yet attracted too much attention is the use of MOFs 

as the basis for nanolaminates, which are thin films composed of alternating layers of 

different materials (Figure 4.1a).202–205 By carefully designing the composition and structure 

of these layers, researchers should be able to create MOF‐based nanolaminates with 

enhanced properties, such as improved stability, optimized band gaps or dielectric properties 
206 and improved gas adsorption or separation properties.100 Gradient materials can also be 

produced using this technique.207,208 

Atomic Layer Deposition (ALD) is a highly precise thin‐film growth technique that operates on 

the nanometer scale, hence enabling the creation of nano‐laminates with individual layer 

thicknesses as thin as single molecular layers. Typically, films produced by ALD exhibit 

exceptional uniformity and quality. In this work we argue that ALD can be suitable for the 

synthesis of Metal‐Organic Framework (MOF) laminates, a category of materials that would 

be difficult to produce using most alternative synthesis methods. These challenges often stem 

from issues of uniformity, scalability, and interface quality, which ALD effectively overcomes. 
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However, as noted above, a  limitation of this vapor based method is the relatively low degree 

of crystallinity observed in the resulting materials.200 

Recently, there has been a significant increase in the number of researchers focusing on all‐

gas‐phase methodologies for synthesizing Metal‐Organic Framework (MOF) thin films. This 

growth has resulted in the development of successful routes towards production of specific 

MOFs using Chemical Vapor Deposition (CVD) and Atomic Layer Deposition (ALD) processes. 

One of the notable MOFs is the UiO‐66 framework (Figure 4.1c), which consists of Zr6O4(OH)4 

nodes coordinated with terephthalate linkers to create a highly porous, thermally stable, and 

chemically robust network.46 

Our prior research (Chapter 3) has involved developing a methodology for synthesizing and 

integrating Ti‐MIL‐125 (Fig. 4.1b), another MOF constructed from Ti8O8(OH)4 clusters 

connected by terephthalate linkers. Ti‐MIL‐125 has impressive surface area and potential for 

use in heterogeneous catalysis, such as photocatalytic water splitting.49,50,209 

Since these two networks have both similar building blocks and a set of outstanding material 

properties, we decided to combine them in a laminate to develop a new nanostructured 

material with unique properties. This combination should also enable the manufacturing of 

materials with adjustable properties, such as, e.g., perfectly engineered and optimized 

dielectric constants for use as low‐k dielectrics in the semiconductor industry. 

Low‐k dielectrics are a class of materials used in semiconductor manufacturing to insulate and 

separate different layers of integrated circuits (ICs) while minimizing the capacitance between 

them. They play a critical role in advancing the performance and efficiency of semiconductor 

devices. The dielectric constant, represented as "κ" measures a material's ability to store 

electrical energy. Low‐k materials have lower dielectric constants, which reduces the 

capacitance between neighboring conductive elements in semiconductor devices. This 

reduction in capacitance enhances the device's speed and lowers power 

consumption.190,195,210,211 
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As semiconductor devices become smaller and more complex, it is increasingly important to 

reduce interconnect delays and power consumption. To address the issues of signal delays 

and increased power consumption caused by the relatively high dielectric constant (κ ≈ 4) of 

traditional silicon dioxide (SiO2) dielectrics, low‐k dielectrics (κ < 4) were developed.212,213 The 

semiconductor industry's pursuit of miniaturization, as described by Moore's Law, requires 

the constant development of advanced materials. Low‐k dielectrics have become a crucial 

factor in scaling down feature sizes while maintaining or enhancing performance. 

There are several types of low‐k dielectrics, the most important are organic low‐k materials214, 

inorganic low‐k materials215, and hybrid low‐k materials.216,217 Organic low‐k dielectrics, which 

are often based on carbon‐based compounds, offer low dielectric constants. However, they 

can be less thermally stable than their inorganic counterparts. Inorganic low‐k dielectrics 

typically consist of materials such as silicon‐based compounds. Hybrid low‐k dielectrics 

combine both organic and inorganic components to balance performance and stability. Some 

low‐k materials are intentionally engineered to have pores or voids,210,218 which reduce the 

dielectric constant by lowering the effective permittivity. Although challenging to 

manufacture, porous low‐k materials provide significant performance benefits. Recently the 

material subclass of MOFs has gained attention as a potential source for porous low‐k hybrid 

materials.189,214,218 

Implementing low‐k dielectrics in semiconductor processes presents integration challenges. 

Low‐k materials may be more sensitive to plasma etching, chemical mechanical planarization 

(CMP), and thermal processing.218 Specialized deposition techniques, such as plasma‐

enhanced chemical vapor deposition (PECVD) and atomic layer deposition (ALD), are often 

used for precise control and generally offer great scalability. 

Since both Zr‐ UiO‐66 and Ti‐MIL‐125 are also interesting materials in their own right for 

(photo‐)catalysis, such nanolaminates may also enable new catalytic concept such as charge 

separation across interfaces (charge funneling). 

Our work here lays the basis for such future electronic or catalytic application exploration for 

such MOF nanolaminates via their fabrication for the first time in the literature. 
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Figure 4. 1: a - Graphical representation of a nano-laminate consisting of three bilayers of the 

two MOF-type materials UiO-66 (orange) and Ti-MIL-125 (green) as synthesized by use of 

atomic layer deposition on a (100)-oriented Si-wafer (grey) with approximately two nm of 

native SiO2 (black); b – Atomic sketch of Ti-MIL-125 structure in (100) orientation – blue: Ti, 

red: O, brown: C; c - Atomic sketch of UiO-66 structure in (100) orientation – green: Zr, red: O, 

brown: C; The sketches are based on ICDS structure files provided by Dan-Hardi et al.158 and 

Sigurd Øien219 and were created by use of the open-source software VESTA 3 for three-

dimensional visualization of crystal, volumetric and morphology data. 

 

4.3 Experimental 

All Atomic Layer Deposition (ALD) processes were carried out in a Picosun R200 Advanced 

ALD‐reactor, which can accommodate up to nine precursor sources, including solid, liquid, 

and gaseous precursors. The system was initially evacuated to a base pressure of 0.1 mbar 
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without precursor pulsing. In the synthesis of Ti‐MIL‐125, a series of alternating pulse‐purge‐

cycles were employed using two specific precursors: the vapor from liquid TiCl4 (99.7 % purity) 

and solid TPA (99 % purity). The vapor pressure of liquid TiCl4 at room temperature is 

approximately 13 mbar and was used for TiCl4 feeding.220 In contrast, TPA feeding required 

heating the solid precursor material in its source to 165 °C, resulting in a vapor pressure of 

approximately 1 mbar.46 It is important to note that we implemented heating for the pulsing 

valves and lines in our ALD system to prevent the re‐condensation of precursor vapor within 

the lines and valves. For TPA, the line and pulsing valve heating were set to 175 °C to prevent 

condensation. To enhance the structural order of the resulting films, a process with additional 

pulses of AcOH as a modulation agent was adopted. This enabled re‐arrangement of the 

formed bonds, resulting in higher crystallinity and thermodynamic stability. This route was 

used for the majority of experiments illustrated in this work. Any data on unmodulated 

processes is specifically marked as such. 

To synthesize UiO‐66, a similar route was followed, but with the use of ZrCl4 instead of TiCl4, 

as the source for the metal nodes. To achieve a vapor pressure of ~1 mbar, the ZrCl4 source 

bottle was heated to 220 °C,46 while the corresponding precursor lines were heated to 230 °C 

in order to prevent condensation. The pulse‐purge procedure was the same as described for 

Ti‐MIL‐125‐type material. In order to obtain films with a higher degree of crystallinity, pulses 

of AcOH were applied as a modulation agent. 

A flow of high‐purity N2 gas (5.0) was used as a transport gas to deliver the precursors to the 

substrate and as a purging gas between pulses at a rate of 250 standard cubic centimeters 

per minute (sccm). The standard pulse‐purge sequence consisted of 4 seconds of TiCl4 (or 

ZrCl4 respectively), followed by an 8‐second purging step, then 20 seconds of TPA exposure, 

and finally another 40‐second purging step. To enhance the degree of crystallinity, we applied 

additional 1‐second pulses of acetic acid (followed by 1 second of purging) as a modulation 

agent since the first results indicated a relatively low degree of structural organization. This 

deposition sequence was based on insights from existing literature data and previous studies 
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to ensure that we remained well above the saturation range.46 The film thicknesses were set 

by varying the number of pulse cycles.  

The substrates were heated in the ALD chamber using a hot‐wall heater arrangement. 

Previous studies by Lausund et al. on UiO‐66 and our own experiments with the Ti‐MIL‐125 

system informed our approach, and all reactions were conducted at 265°C.46 

The study began by developing an Atomic Layer Deposition (ALD) process for depositing UiO‐

66 and Ti‐MIL‐125 MOF‐type materials on flat Si wafer substrates, as shown in Figures 4.2 and 

4.4. ALD is well‐established on flat substrates due to the easier control of precursor flow 

patterns. In contrast, applying ALD on nanoscopic powder substrates, such as ~ 500 nm SiO2 

nanoparticles (Figure 4.3), can be more challenging due to the complex flow dynamics 

involved. Coatings on Si wafers are limited by their accessibility to certain characterization 

methods that require powders, such as some sorption experiments or experiments on 

catalytic activity. 

Several experiments were conducted to enhance the crystallinity through post‐deposition 

treatment. The solvents used in the autoclavation steps included MeOH, AcOH, DMF, 

formaldehyde, acetone, formic acid, propanol, propanal, and benzoic acid. The last one 

enabled us to fabricate a crystalline material. However, none of the experiments resulted in 

the synthesis of a fully crystalline and uniform film. 

The laminates were characterized using various methods to gain a comprehensive 

understanding of the new materials. XRD and Raman were used to observe the structural 

integrity of the network, while STEM‐EDX, XPS, and ToF‐SIMS were utilized to visualize the 

uniformity of the entire laminate, including the individual layers on a nanometer scale. 

4.4 Results and Discussion: 

Figure 3.2a presents photographic evidence of Si wafer pieces before (left) and after ALD 

processing (right). The optical change in the substrate's color after deposition of two bilayers 

of MOF‐type materials (right) clearly indicates homogeneous film deposition on a centimeter 

scale. Figure 4.2b, an accompanying scanning electron microscopy (SEM) image, suggests an 

overall homogeneous, flat morphology on a nanometer scale, with only a few slightly 
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protruding features of up to 100 nm width. During the aging process of the samples, a 

nanostructure develops on the surface. This phenomenon has been previously reported in 

the literature and is further described in Figure 4.4.46 

 

 

Figure 4. 2: a – The left side of the photo shows a bare (100) Si-wafer, while the right side 

shows another piece of wafer coated with two bilayers of Ti-MIL-125 and UiO-66 type material 

using ALD. The uniform change in color demonstrates the homogeneity of the process on a 

centimeter scale. b – The corresponding SEM-image of the coated wafer indicates high quality 

and uniformity on a nanometer scale, with a few slightly protruding features measuring less 

than 100 nm. 

All elements present in the theoretical MOF‐materials were confirmed using wavelength 

dispersive XRF and SEM‐EDX (Figure 4.3). The nanospheres are visibly coated in the SEM 

image, and additional EDX‐point spectra allow for visualization of all relevant transitions (Ti‐

K, Zr‐L, Si‐K, O‐K, and C‐K). The C‐K peak has a super‐elevated intensity due to the carbon tape 

(black areas) used as a support. 
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Figure 4. 3: A scanning electron microscope (SEM) image was taken of silica nanoparticles that 

were coated with two bilayers of the MOF-type materials UiO-66 and Ti-MIL-125. The powder 

coating system used Al2O3-crucibles and a Picosun R200 Advanced ALD reactor. The total 

thickness of the laminate is approximately 150 nm. The EDX-spectrum on the right indicates 

the presence of Ti, Zr, C, and O, which are all elements present in the desired MOFs. The image 

also clearly shows the time-dependent formation of protruding features on the nm scale, 

which is described in more detail in the following figure. 

 

Figure 4. 4: A scanning electron microscope (SEM) image is presented, showing the surface of 

a wafer coated with two bilayers of UiO-66 and Ti-MIL-125, two MOF-type materials. The 

coating was applied using a Picosun R200 Advanced ALD reactor, resulting in a laminate with 
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a total thickness of approximately 150 nm.  The image was taken four months after synthesis. 

The monitored features exhibit time-dependent growth, as previously reported in publications 

on the synthesis of ALD-MOFs.46 These structures have similar dimensions and geometries to 

solvothermal MOFs. Immediately after synthesis, the surfaces appear smooth and uniform, as 

shown in Figure 4.2b. 

To analyze the structural aspects, we employed Raman spectroscopy. Figure 4.5 illustrates 

the obtained data, while a more detailed view is provided in Figure 4.6. The Raman signals 

from the ALD MOF‐like films deposited at 265°C substrate temperature suggest the presence 

of UiO‐66 and Ti‐MIL‐125‐like structures with low crystallization and a relatively higher 

amount of unreacted linker. To improve structural clarity, we utilized a deposition process 

with additional pulses of acetic acid as a modulation agent.46 This resulted in clear 

improvements in the Raman fingerprints while maintaining the XRD‐diffractograms 

unchanged. It is worth noting that additional post‐deposition treatment, such as 

autoclavation in benzoic acid, can lead to the leaching of excessive linker molecules. These 

can be removed either in a subsequent DMF‐washing step or by adding a small fraction of 

DMF during the annealing step.221 This resulted in clear improvements in the Raman 

fingerprints while maintaining the XRD‐diffractograms unchanged. It is worth noting that 

additional post‐deposition treatment, such as autoclavation in benzoic acid, can lead to the 



 
60 

 
 

leaching of excessive linker molecules. These can be removed either in a subsequent DMF‐

washing step or by adding a small fraction of DMF during the annealing step. 

 

Figure 4. 5: The Raman spectra of various sample and reference substances are presented in 

the following order from top to bottom: – ALD-synthesized TiO2-anatase deposited at 265 °C 

(black); – terephthalic acid (TPA = benzene dicarboxylic acid BDC, red); – Ti-MIL-125 

synthesized by a standard solvothermal procedure (green); – UiO-66 synthesized by a 

microwave assisted approach (orange); – UiO-66 synthesized by a standard solvothermal 

procedure (yellow); – a laminate consisting of two  bilayers of Ti-MIL-125- and UiO-66- type 

materials synthesized at 265 °C by use of ALD with no additional modulation (pink); – a 
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laminate consisting of two bilayers of Ti-MIL-125- and UiO-66- type materials synthesized at 

265 °C by use of ALD with additional pulses of acetic acid as a modulation agent (purple) 

The spectra show that both laminates have features similar to UiO-66 and Ti-MIL-125 (green 

drop lines). The spectrum of the unmodulated sample displays peaks that correspond to the 

uncoordinated linker. However, upon addition of a modulation agent (AcOH), the spectrum 

exhibits all features of the solvothermal synthesized MOFs. It is worth noting that the relatively 

broader peaks suggest a lower level of crystallinity of the ALD-materials. For a more detailed 

view, refer to Figure 4.6. The Raman spectra of UiO-66 suggest that different synthetic 

approaches may lead to varying results and affect background or peak shapes due to residual 

solvent or linker molecules. The higher background in the ALD samples may be due to excessive 

linker molecules dissolved in the matrix. The first spectrum indicates that Titania was not 

formed during the process. 
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Figure 4. 6: The Raman detail-spectra of solvothermal Ti-MIL-125 (green) and UiO-66 (orange) 

as well as ALD-synthesized Ti-MIL-125- and UiO-66-like nano-laminate show similar features. 

The relatively broader peak in the vapor-based material indicates a lower level of crystallinity, 

as also implied by XRD. The higher background may be a consequence of excessive linker 

molecules present in the matrix. 

While the laminates deposited without any modulation agents show Raman spectra that 

strongly correlate with terephthalic acid (peaks at 70 cm‐1, 103 cm‐1, 832 cm‐1, 1125 cm‐1, 

1632 cm‐1, red drop lines),222 additional pulses of acetic acid lead to the formation of a 

material, that exhibits features which are in close correlation with UiO‐66 and Ti‐MIL‐125 

(peaks at 865 cm‐1, 1143 cm‐1, 1438 cm‐1, 1615 cm‐1, green drop‐lines) 223 while the linker‐

induced signals vanish almost completely. The presence of unreacted linker molecules is 
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indicated by the relatively high background observed in measurements obtained on both 

modulated and unmodulated ALD‐synthesized samples. Similarly, an increase in background 

intensity can be observed in the case of solvothermal‐synthesized UiO‐66. It is important to 

note that microwave‐synthesized UiO‐66 does not exhibit any significant fluorescence 

background under the same measurement conditions, despite both materials appearing 

highly crystalline in powder XRD measurements. The presence of fluorescent molecules, such 

as solvents or excessive linkers, dissolved or distributed within the matrix, is a major reason 

for an excessive background in Raman. 

The post‐deposition treatment involved autoclavation with approximately 100 mg of benzoic 

acid at 170°C. This process improved the crystallization of the films, presumably by removing 

excess linker molecules (Figures 4.7 to 4.9). However, this treatment resulted in a significant 

reduction in the unity and uniformity of the laminates, which restructured from a closed film 

into discrete nanoparticles (Figure 4.8). The corresponding XRD data and optical microscope 

images that confirm these findings are displayed below. We tested several solvents and 
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combinations of solvents for the autoclavation of our MOF‐type laminates, and we found that 

the crystallinity increased noticeably only when benzoic acid was used. 

 

Figure 4. 7: The provided Powder-XRD data displays various samples and reference materials. 

From top to bottom, the samples include ALD-synthesized MOF-type material Ti-MIL-125, ALD-

synthesized MOF-type material UiO-66, terephthalic acid (TPA) – linker, solvothermal UiO-66, 

solvothermal Ti-MIL-125, and an ALD synthesized laminate autoclaved using benzoic acid at 

160 °C for 24 h. While the solvothermal MOFs exhibit clear reflexes that correlate to a highly 

crystalline 3-dimensional network, all ALD synthesized samples lack this sort of long-range 

order. Post-deposition treatment of the MOF-laminates results in partial crystallization, 
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leaving a material with a diffraction pattern that corresponds to both solvothermal MOFs to 

some extent (see Figures 4.8 and 4.9). 

 

Figure 4. 8: This is a polarization-filtered DF-OM image of a MOF-type laminate after being 

annealed in benzoic acid for 24 hours in an autoclave. The uniformity of the film is significantly 

reduced, with islands of MOF-type material (bright areas) separated by uncoated holes (black 

- silicon surface). 
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Figure 4. 9: Powder X-ray diffraction data were obtained for an MOF-type laminate 

synthesized using ALD and annealed in an autoclave with benzoic acid for 24 hours at 170°C. 

Comparison of the resulting pattern with solvothermal UiO-66 and Ti-MIL-125 revealed a 

range of equivalent features (indicated by green lines), while no signals correlated to TPA are 

present. However, the laminates' crystallinity is inferior to their solvent-based counterparts. 

This behavior may be due to the nature of the process, as epitaxial growth of material typically 

results in preferred orientations. One indication of preferred orientation is the presence of a 

certain family of reflexes, such as the (002)-family, and the absence of others, such as (211). 

Additionally, the OM images show that the films' closeness and uniformity are lost (see Figure 

4.8). 

 

Based on the morphological and structural findings of the as synthesized nanolaminates 

above (i.e. without post‐deposition annealing), it is clear that our ALD process has produced 

homogeneous and flat films of materials that are closely related to UiO‐66 and Ti‐MIL‐125, 
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although with limited structural order. These films are referred to as 'Ti‐MIL‐125‐ and UiO‐66‐

like' films, similar to the term 'diamond‐like‐carbon.224 

To assess the uniformity and integrity of these synthesized nano‐laminates, an ultra‐thin 

lamella (< 200 nm) was extracted from the wafer surface using a focused ion beam (FIB). The 

resulting cross‐section was then analyzed using a Tecnai F20 TEM, and elemental maps were 

recorded in HAADF using STEM‐EDX. The resulting images are presented in Figure 4.10. 

 

 

Figure 4. 10: STEM-EDX images were obtained on a FIB-cross-section of a Si-wafer coated with 

three bilayers of UiO-66 (Zr-Kα, left, orange) and Ti-MIL-125 (Ti-Kα, right, green) MOF-type 

materials. The materials were synthesized using atomic layer deposition with additional AcOH 

modulation. The images show the formation of several independent layers of MOF-type 

materials on the substrate. The Ti-MIL-125 type material on the top layer has a relatively lower 

thickness due to the deposition of a few nm thick Pt-layer on top of the material. This preserves 

the surface chemistry during etching with the focused ion beam. 

 

The data obtained indicates the presence of highly uniform and dense layers of MOF‐type 

materials that are well separated from each other. The images also do not show any signs of 

interface cavities or shrinkages that could reduce the stability of the material and limit its 

potential applications, particularly in semiconductor components. 

To determine the chemical uniformity and integrity of the laminate, XPS depth profiling was 

performed on a film containing three bilayers of the ALD‐synthesized frameworks. The 
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obtained profile is illustrated in Figure 4.11, which shows distinct regions of Ti‐ and Zr‐rich 

materials with a clear separation between the single sheets. Although the signals for the two 

metals exhibit strong periodic variations, the signals for oxygen and carbon remain almost 

constant throughout the film and disappear as the silicon interface is approached at a sputter 

time of approximately 85 minutes. 

 

Figure 4. 11: XPS depth profile obtained on a laminate system consisting of three bilayers of 

the two MOF-type materials UiO-66 (Zr-3d transition, orange) and Ti-MIL-125 (Ti-2p 

transition, green) as synthesized by use of atomic layer deposition. The Ti- and Zr-rich layers 

are clearly separated, while the carbon (C-1s transition, red) and oxygen (O-1s transition, blue) 

content remains quite stable throughout the measurement. The decrease in all intensities at 

a sputter time of around 85 minutes is associated with nearing the silicon interface. 
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These findings were further confirmed by additional ToF‐SIMS measurements performed on 

a two‐bilayer laminate of the same materials. Figure 4.12 shows the corresponding graph. 

 

Figure 4. 12: ToF-SIMS-depth profile obtained on a laminate system consisting of two bilayers 

of the two MOF-type materials UiO-66 (orange) and Ti-MIL-125 (green) as synthesized by use 

of atomic layer deposition. The graph shows independent layers of Ti- and Zr-rich material. 

The intensities drop at approximately 150 nm sputter depth, which corresponds to 

approaching the silicon interface. The broadening of peaks observed in deeper material layers 

(peaks further to the right) is a result of ion migration induced by the bombardment of 

positively charged Bi-ions. This migration might be preventable by freeze-quenching the 

diffusion through cooling the sample to liquid nitrogen temperature during the measurement. 
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4.5 Conclustions 

We were able to demonstrate the general capability of synthesizing nanolaminates consisting of 
ultra‐thin layers of MOF‐like materials by use of ALD. In principle, the developed process offers 
manufacturing of such materials with surpassing uniformity, purity and industrial scalability. This 
approach offers operators the possibility to combine materials in order to tailor or enhance certain 
properties with possible applications ranging from gradient materials towards low‐k dielectrics or 
heterojunction catalysts. Moreover, we were able to apply a set of characterization techniques that 
allow an almost complete understanding of the structural and chemical identity of the laminate as 
well as the high uniformity and outstanding interface quality, that cannot be achieved with any 
solvent‐based methods. For further investigations on the structural integrity of the partially 
amorphous material, we are currently evaluating EXAFS data obtained at CLAESS beamline at ALBA 
synchrotron in order to enhance our understanding of the underlying kinetics and thermodynamics 
in the arrangement of these materials. Also, we were able to increase the crystallinity of the samples 
threw various attempts in post‐synthetic modification. However, synthesis of a fully crystallin and 
highly uniform stack of nano‐layers could not be achieved yet and still remains an open goal for 
future research. 

 

4.6 Methods 

4.6.1 Laminate Synthesis. 

All ALD depositions were conducted using a Picosun R200 Advanced ALD‐reactor, which can 

accommodate up to 9 precursor sources (solid, liquid, gaseous). The system's base pressure, 

without pulsing, was maintained at 0.1 mbar. The synthesis procedure for both MOFs, UiO‐

66 and Ti‐MIL‐125 involved a series of alternating pulse‐purge cycles using two to three 

precursors: vapor from liquid TiCl4 and ZrCl4 (both with 99.7 % purity), liquid AcOH (99% 

purity) – in case of modulation involved – and solid TPA (with a purity of 99%). TiCl4 was used 

at its room temperature vapor pressure (~13 mbar) for feeding; also, AcOH could be used 

without heating due to its relatively high vapor pressure of ~21 mbar at room temperature. 

The solid TPA precursor was heated to 165 °C in its source, resulting in a vapor pressure of 

approximately 1 mbar. Accordingly, the source bottle for ZrCl4 was heated to 220 °C, resulting 

in a vapor pressure of nearly 1 mbar. It is worth noting that the pulsing valves for any solid 

precursor lines as well as the corresponding lines in our ALD system are heated to prevent the 

re‐condensation of precursor vapor. In the case of TPA, the line and pulsing valve heating 

were set to 175 °C to avoid condensation, the lines for ZrCl4 were heated to 230 °C. A flow of 
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N2 gas (purity of 5.0) was used both as a transport gas for the precursors to the substrate and 

as a purging gas between pulses (at a flow rate of 250 sccm). We employed a standard pulse‐

purge sequence of 20 s TPA ‐ 40 s purge ‐ 4 s TiCl4/ ZrCl4 ‐ 8 s purge – 1 s acetic acid – 1 s 

purge, which we believe exceeds the saturation range based on literature data. The selected 

pulsing pattern was determined by examining established protocols for TiO2 deposition in our 

ALD reactor, with adjustments made based on prior literature on ALD of MOFs as well as our 

own studies on ALD‐Ti‐MIL‐125. Film thicknesses were controlled by the number of pulse 

cycles. The substrates were heated inside the ALD chamber using a hot‐wall heater 

arrangement. For depositions on Si‐wafers, a wafer holder (fitting 100‐, 200‐ and 300‐mm 

samples) provided by the manufacturer was used. A 100‐mm wafer was used as platform for 

smaller, manually cut pieces of wafers. Powder coatings were performed using an Al2O3 

crucible that was filled with approximately 100 mg of SiO2‐NPs, placed underneath the 

precursor distribution place and right next to the pumping line. We note that generally the 

observed homogeneity of ALD MOF coatings is better for flat Si wafer substrates, while for 

SiO2 nanoparticles variations in coating homogeneity are often observed, especially for higher 

powder loadings in the crucible, presumably due to flow differences through a deep powder 

bed. This is a challenge in line with prior reports on ALD coating of fine powders. Since the 

standard pulse‐purge scheme was well above the saturation range no changes were applied 

on the ALD recipe we used for coating of wafer samples or powder samples. 

4.6.2 Post deposition treatment. 

Post‐deposition treatment was employed to enhance the crystalline order of the as‐deposited 

thin films. An autoclave process was utilized, involving the use of various solvents, on Si wafers 

coated with ALD‐MOF‐like materials. In a 100 mL Teflon‐lined steel autoclave equipped with 

a custom‐designed Teflon holder for Si wafer pieces, approximately 1 mL of solvent was 

introduced. Despite the majority of solvents used (MeOH 99.9% purity, AcOH 99.98% purity, 

DMF 99.9% purity, formaldehyde 40% aq., acetone 99.9% purity, formic acid 99.9% purity, 

propanol 99.9% purity, propanal 99.9% purity) not producing crystalline reflexes in XRD, a 

successful method involved introducing 120 mg of benzoic acid (99.9 % purity, Sigma Aaldrich) 

into an Ar‐filled autoclave containing the sample material. This process was carried out at a 
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temperature of 160 °C for 24 hours within a sealed autoclave. Following a 6‐hour cooling 

period, the sample was extracted, and subsequent XRD data and optical microscopy (OM) 

images were acquired. To eliminate unreacted linker molecules that were detected alongside 

crystalline material with large lattice parameters, an additional washing step was 

implemented using DMF (99.7% purity, Sigma Aldrich) for 24 h in a glass beaker. Due to the 

good solubility of TPA in DMF this step facilitated the removal of excess linker material. 

4.6.3 Substrates.  

Si‐wafers were commercially sourced from Silicon Materials (polished, (100)‐oriented, P‐

doped wafers with 2 nm native oxide, a thickness of 525 µm and 100 mm diameter) and 

cleaved by hand to ~1 × 1 cm pieces for our experiments. SiO2 nanoparticles were synthesized 

following Werner Stöber’s approach.225 In short, using the sol‐gel method, SiO2 nanoparticles 

were synthesized. All reagents utilized were of analytical grade, provided by Sigma Aldrich 

and did not require additional purification. The following substances were employed: 

tetraethylorthosilicate (TEOS) with a purity of 99.9 %, absolute ethanol (EtOH) with a purity 

of 99.5%, concentrated ammonia and water. The procedure involved adding 4 mL of saturated 

ammonium hydroxide solution to 50 mL of absolute EtOH in a flask. Subsequently TEOS (0.28 

mol/L) was added to the mixture. Within minutes the mixture appeared as a white suspension 

and was stirred for 120 minutes. After aging for 24 h, the sol underwent gelation. To obtain 

nanoparticles, the gel was dried at 100 °C for 2 h to remove water and organic compounds. 

Subsequently, the dry gel was calcined at 450 °C for 3 h, resulting in a powder that was 

subsequently ground to obtain nanoparticles. 

4.6.4 Characterization. 

Optical microscopy images were obtained by use of an Axio CSM 700 confocal light 

microscope manufactured by Carl Zeiss Microscopy LLC. The access to this device was 

graciously provided by the Institute of Chemical Technologies and Analytics at TU Wien. 

Scanning electron microscopy was performed on a FEI Quanta 250 Field‐Emission‐Gun‐SEM, 

equipped with an Everhardt‐Thornley secondary electron detector. The device was operated 

at an electron acceleration voltage of 10 kV at a working distance of about 5 mm. EDX‐spectra 
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were measured on an EDAX‐AMETEK Octane Elite 55‐detector at a voltage of 20 kV and 10 

mm working distance. Raman spectra were measured using a 488 nm laser source equipped 

on a WITech alpha 300 RSA+ confocal Raman spectrometer. XRD measurements were 

performed using a X’Pert MPDII diffractometer in Bragg‐Brentano geometry (with application 

of an Ω‐offset to suppress overwhelmingly intense single‐crystal Si‐wafer substrate 

reflections), equipped with a Cu‐Kα X‐Ray source and an X’Celerator semiconductor detector. 

The samples were mounted on the spinning holder with a rotation speed of four seconds per 

rotation. TEM measurements and STEM-EDX-mapping (Figure 11) were performed on a 

Tecnai F20 FEG‐TEM, equipped with a X‐FEG, a Gatan Rio16 CCD‐camera, Gatan DigiSTEM II 

with HAADF detector for STEM imaging, and an EDAX‐AMETEK Apollo XLTW SDD EDX‐

detector. The operating voltage was kept at 200 kV for all measurements. XPS measurements 

were carried out on a PHI Versa Probe III‐spectrometer equipped with a monochromatic Al Kα 

X‐ray source and a hemispherical analyzer (acceptance angle: ±22°). Pass energies of 112 eV 

and 55 eV and step widths of 0.4 eV and 0.05 eV were used for survey and detail spectra, 

respectively. (Excitation energy: 1486.6 eV Beam energy and spot size: 25 W onto 100 μm; 

Mean electron take‐off angle: 45° to sample surface normal; Base pressure: < 7 x 10‐10 mbar, 

Pressure during measurements: < 1 x 10‐8 mbar). The sample was mounted on conductive 

carbon tape. A combination of electronic and ionic charge compensation was used for all 

measurements (automatized as provided by PHI). The binding energy (BE) scale and intensity 

were calibrated by using methods described in ISO15472, ISO21270 and ISO24237. The 

analysis depth is typically around 7‐10 nm. Depth profiling was conducted using an Ar‐ion gun 

(2 kV, 2 nA sample current, 2 x 2 mm², 8 nm/min on SiO2, 3 min per sputter step). Data analysis 

was performed using CASA XPS software, employing transmission corrections, Shirley 

backgrounds226 and sensitivity factors provided by PHI.227 Deconvolution of spectra was 

carried out by using a Voigtian line shape if not stated otherwise. All content values shown 

are in units of relative atomic percent (at %), where the detection limit in survey 

measurements usually lies around 0.1 ‐ 1 at %, depending on the element. Assignment of 

different components was primarily done using Refs.228,229 All ToF-SIMS measurements in this 

study were conducted using an IONTOF TOF‐SIMS 5 instrument. The depth profiles were 

obtained within an ultra‐high vacuum environment of approximately 4 x 10‐9 mbar, employing 
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a 25 keV Bi+ primary ion beam. A field of view of 100 x 100 µm (128 x 128 pixels) was analyzed 

using the HCBU (high current bunched) mode for supreme mass resolution. For depth 

profiling a beam of O2+‐ions was accelerated onto the surface with an applied voltage of 2 keV 

on a sputter area of 300 x 300 µm. The TOF‐SIMS was operated in interlaced mode, the area 

was rastered in sawtooth mode, all spectroscopic measurements were carried out in positive 

polarity.  
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5 V- and Al-free conformal atomic layer 

deposited TiO2 diffusion-barrier-layers on 

porous 3D-printed TiVAl structures 
5.1 Abstract: 

Atomic‐layer‐deposition (ALD) is a cutting‐edge technique for depositing ultrathin layers of 

material onto a substrate, typically with a thickness in the order of a few nanometers. We 

here explore this technique for creating diffusion barriers on complex three‐dimensional 

materials, such as those used in 3D‐printed titanium‐based (TiVAl) medical implants. 

Titanium dioxide (TiO2) is a commonly used material for ALD‐based diffusion barriers. It 

effectively prevents the diffusion of atoms and molecules through the surface of implant 

materials. TiO2 is a particularly attractive option due to its chemical stability and 

biocompatibility, making it suitable for use in medical implants. 

The effectiveness of using ALD to deposit ultrathin layers of TiO2 on complex 3D‐printed three‐

dimensional TiVAl implant materials at moderate temperatures as a means of creating 

diffusion barriers that prevent the diffusion of potentially harmful compounds through the 

surface of the implant material has been demonstrated. This was achieved through 

characterization using state‐of‐the‐art surface science methods such as XPS and ToF‐SIMS. 

5.2 Introduction: 

In recent decades, there has been a significant increase in research on the manufacturing of 

lightweight materials with excellent mechanical properties and high resistance to oxidation, 

even at elevated temperatures.230–233 During the 20th century, the main interest in 

developing such materials was found in the aerospace and automotive sectors. Nowadays, a 

major driving force for further improvement of these alloys is their utilization in the 

biomedical field, mainly as materials for high‐performance and high‐durability implants.234,235 
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Ti‐6Al‐4V (short Ti64), the most common Ti‐alloy used today, is a high‐strength alloy, 

consisting of Titanium with 6 mass per cent Aluminum and 4 % Vanadium. It is frequently 

used in the chemical industry236, in marine237 and aerospace applications, as well as for 

fabrication of implants and protheses which are either wrought, cast or produced by additive 

manufacturing (LPBF – laser powder bed fusion).123,238–240 Whilst on a short‐term base, 

medical application of Ti64 implants is widely common, their utilization for longer time 

periods is restricted due to serious concerns. Vanadium in elemental form as well as its oxides 

are toxic to the human organism.241 Both, Al and V are associated with serious health issues 

and neurologic diseases.242 This creates the need to either develop alternatives to this alloy, 

or to limit the toxicity of the implants by surface treatment of TiVAl. While the disadvantage 

of the first method lies mainly in the significantly higher price of alternative materials, the 

second option proves to be complicated, since a unified coating of a complex three‐

dimensional structure turns out to be very difficult in many cases. While the high surface area 

of these structures requires high exposure times with the used reactants243, both 

solvothermal as well as (classical) vapor deposition techniques PVD/CVD show clear 

limitations when concerning the grade of the obtained coatings.  While the quality of the 

interfaces turn out to be a limiting factor in solvent based growth of material thin films, both 

PVD and CVD show restrictions in terms of uniformity, as material growth does not only occur 

on the surface of the substrate but already in the gas phase, hence leading to so‐called edge‐

effects which in turn have an influence on the geometry of the nanostructured object.244 One 

method to avoid these undesirable effects is the so called atomic layer deposition (ALD), an 

extension of CVD‐based techniques.244,245 The self‐limiting nature of this technique enables 

the coating of complex three‐dimensional substrates with high‐purity, uniform and, in 

principle, atomically smooth material films. Since the main component of this alloy is 

titanium, which is biocompatible in both metallic and oxide forms, two main factors make 

TiO2 an ideal material for coating of such implants. On the one hand, the ALD films are 

expected to exhibit ideal bonding to the substrate, as both phases are Ti‐based, and on the 

other hand, its strong ionic bonds make TiO2 an ideal material for thin film diffusion 

barriers.122,246 Since the ideal diffusion barrier is a coating of not more than several 

nanometers thickness – given by the fact that other properties (electrical, mechanical) of the 
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bulk material should not be altered by the coating, characterization of the effectiveness of 

the deposition is not trivial due to the low amount of material as well as the content of Ti in 

both substrate and thin film. Therefore, application of state‐of‐the‐art methods for surface 

analysis like XPS (X‐Ray Photoelectron Spectroscopy) and ToF‐SIMS (Time of Flight Secondary 

Ion Mass Spectroscopy) is essential to predict the quality of the barrier layer. 

Although this topic is of great scientific as well as economic interest, to date however, hardly 

any work has been done on the ALD‐TiO2 coating of 3D‐printed Ti64‐implant materials.247 In 

this chapter we show the general feasibility of ALD‐thin‐film coatings of TiO2 on porous 3D‐

printed TiVAl‐structures and moreover prove their homogeneity as well as the absence of V 

and Al. Additionally, we show a comparison of these results to the intrinsic formation of 

Ti/V/Al‐oxides on 3D‐printed TiVAl‐structures by annealing them in air at various 

temperatures. Figure 5.1 (also shown as figure 1.6 in the introduction section) shows a sketch 

of the conducted experiments and the estimated results of the different approaches toward 

formation of an oxide film onto the implant materials. 

 

Figure 5. 1: Graphic Representation of the two approaches used to form an oxide layer onto 

the 3D-printed TiVAl-implant.materials: coating of the material with TiO2-anatase, 

synthesized by use of ALD leads to formation of a dense, uniform film whereas annealing of 

the uncoated samples at 300 and 700 ° C leads to the formation of various oxides (Al, V, Ti) on 

the surface. 
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5.3 Experimental: 

5.3.1 Synthesis: 

5.3.1.1 Laser Powder Bed Fusion. 
The complex three‐dimensional substrates as well as the much denser reference ingots were 

synthesized using laser powder bed fusion (LPBF) by JOANNEUM RESEARCH (Niklasdorf, 

Austria) on an EOS EOSINT M280 machine (EOS, Munich, Germany) equipped with a 400 W 

Nd:YAG Laser (spot size 100  µm) in an Argon 5.0 protective atmosphere. In order to achieve 

lattice struts of 200 µm diameter, the process parameters were adapted for 20 µm layer 

thickness at a low power input of 50 W. The powder used for L‐PBF was commercially 

available gas‐atomized Ti6Al4V Grade 5. The samples offered exhibit two distinct 

configurations: flat disks and porous monoliths, each with a 1 cm diameter. Figure 5.2 

illustrates the porous monolith as supplied by Joanneum Research. To augment the total 

sample count, certain samples underwent cutting before undergoing ALD treatment. 

 

Figure 5. 2: porous TiVAl-monolith as printed by use of LPBF 

 

5.3.1.2 ALD-thin-film deposition. 
ALD coatings were performed using a Picosun R200 Advanced ALD‐reactor, which can 

accommodate up to 12 precursor sources (solid, liquid, or gaseous). The reactor is optimized 

for coating flat samples as well as powders. The synthesis procedure for TiO2 involved 

consecutive pulse‐purge‐cycles of two precursors, TiCl4 (99.7% purity) and water (99.7% 

purity). The procedure was initially investigated within the temperature range of 100 °C to 

300 °C on both TiVAl‐printed structures and Si‐wafer‐substrates (1). A high‐aspect coating was 
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obtained by applying a typical pulse‐purge sequence of 0.1 s TiCl4 – 4 s purge– 0.1 s H2O ‐ 4 s 

purge, with a saturation range well above literature data, even when applying the process 

onto complex shaped substrates.46 Nitrogen 5.0 was used as both transport and purging gas. 

The pressure in the reaction chamber was approximately 1 mbar during the deposition. The 

applied process's linear growth was determined using Ellipsometry and XRF.  

 

5.3.2 Characterization: 

Ellipsometry. Ellipsometric film thickness measurements were carried out on a Plasmos SD 

2300 ellipsometer with a rotating analyzer and a He‐Ne laser (λ = 632.8 nm) at 68° incidence 

as the light source. The ellipsometric angles (relative phase shift ∆ and amplitude ratio Ψ) 

were converted into film thicknesses using the commercial instrument software which is 

based on the McCrackin algorithm.248  An isotropic three‐phase model (Si/SiO2/air) was used 

for the substrate and a four‐phase model (Si/SiO2/anatase/air) for the sample. A 

measurement of the clean reference Si/SiO2 yielded the thickness of the native oxide layer 

using values, approved for the existing setup ‐ for the optical constants of Si (n = 3.865, k = 

0.020) and SiO2 (n = 1.465, k = 0). Subsequent measurement of the film‐ covered substrate 

and substitution of the substrate parameters together with assumed values for the anatase‐

ALD‐film (n = 2.38 and k = 0)249 into the four‐phase model allowed the calculation of the 

resulting layer thickness.250 XRF. X‐ray Fluorescence analysis was performed using a 

wavelength dispersive spectrometer manufactured by PANalytical, equipped with a Rh‐

source for elemental analysis of solid as well as liquid samples. Due to the design of the 

spectrometer the measurements are performed either in vacuum or He (in case of liquids) 

giving access to observation of characteristic X‐rays down to B (with some restrictions 

mentioned later). P-XRD. The powder‐XRD measurements shown in this work were 

performed using a X’Pert MPDII diffractometer in Bragg‐Brentano geometry (with or without 

application of an Ω ‐Offset), equipped with a Cu‐Kα X‐Ray source and an X’Celerator 

semiconductor detector. The samples were mounted on the spinning holder with a rotation 

speed of four seconds per rotation. Raman. For analysis of the structure, we conducted 

Raman measurements, using a 488 nm laser source equipped on a WITech alpha 300 RSA+ 
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confocal Raman spectrometer. The system utilized consists of a fibre‐coupled confocal Raman 

microscope with four laser lines (488, 532, 633, and 785 nm) and two spectrometers 

optimized for the visible and near infrared range. Optical Microscopy. All microscope images 

presented in this work were obtained on Axio CSM 700, manufactured by Zeiss. The 

microscope is equipped with a MRc5 camera and is optimized for characterization of 3‐

dimensional materials with a maximum depth resolution of 20 nm. The device is capable of 

taking up to 100 images per second for generation of high‐resolution z‐stacks of complex 

shaped specimen. SEM. The scanning electron microscopy images pictured in this work were 

recorded on a FEI Quanta 250 (Schottky‐)FEG‐SEM, equipped with an ETD Secondary electron 

detector and an EDAX‐AMETEK Octane Elite 55 detector for elemental characterization by 

energy‐dispersive X‐ray‐spectroscopy. The device was operated at a voltage of 10 kV at a 

working distance of about 5 mm, providing a maximum resolution of roughly 2 nm. Chemical 

X‐ray microanalysis was performed at 20 kV and 10 mm working distance. XPS-analysis. 

Determination of the chemical states of the ALD‐synthesized material was accomplished by a 

custom designed XPS, provided by SPECS, using monochromatic AL‐Kα (1486,6 eV) radiation 

an a hemispheric SCIENTA RS4000 photoelectron energy analyzer. All measurements were 

performed in high vacuum (~3*E‐9 mbar). ToF-SIMS. A TOF‐SIMS 5 instrument (IONTOF 

GmbH, Münster, Germany) was used for the measurements presented in this work. Depth 

profiles were acquired in a high vacuum (~4 x 10 ‐9 mbar) using a 25 keV Bi+ primary ion beam. 

The burst alignment (BA) mode was used to analyze the narrow part.251–253 Five bursts were 

fired consecutively to achieve high mass resolution and lateral resolution. To compensate for 

the signal loss, the non‐interlaced mode was used, where ten frames with a resolution of 256 

x 256 pixels were acquired at a field‐of‐view of 32 x 32 µm². A 500 eV Oxygen beam was used 

as the sputter gun, and the sputter crater was set to 300 x 300 µm. Low energy electron 

flooding of 21 V was used to reduce surface charging. After 1 s of sputtering, a pause of 0.1 s 

was placed, followed by another acquisition cycle. The measurements were stopped after 

180 s. 

 

5.4 Results and Discussion: 



 
82 

 
 

As shown by images obtained through the use of a camera and optical microscopy (Fig. 5.3 ‐ 

center), coating the 3D‐printed alloys with TiO2 thin‐films results in a clear color change that 

correlates closely with the corresponding layer thickness and number of pulse cycles. ALD 

processing shows a uniformly changed color, indicating a uniform process. The observation 

of uniform coating by ALD is consistent with the literature.247 Cutting the samples confirmed 

a uniform change of color throughout the entire structure, not just on the surface. SEM‐EDX 

spectra obtained from the surface of the coated structures showed an increase in oxygen 

content similar to that obtained from the surface of the inner structures of a sample cut after 

the ALD‐coating (see Figure 5.6). When comparing these results to images of the air‐oxidized 

reference samples, we observed either the formation of regions with various colors, 

corresponding to a highly heterogeneous surface, or no optical changes at all, depending on 

the temperature applied during the annealing step (Fig. 5.3 ‐ right). Figure 5.4 displays the 

corresponding 3D‐printed ingots that were coated with titania in the same run as their 

corresponding monolith structures from figure 5.3. 

 

 

Figure 5. 3: From left to right, the image shows an uncoated 3D-printed TiVAl structure 

synthesized by LPBF, followed by three 3D-printed TiVAl structures coated with varying 

thicknesses of ALD-Anatase. The coatings were applied using 500, 1000, and 1500 pulse cycles, 

resulting in thicknesses of approximately 20 nm, 40 nm, and 60 nm, respectively. All coating 

processes were executed at 300 °C. From left to right, the images show the synthesized TiVAl-

alloy annealed at 300 °C in air and the synthesized TiVAl-alloy annealed at 700 °C in air. The 
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lower images display z-stacks obtained on the corresponding samples using optical 

microscopy, indicating the superior quality of the Titania films synthesized by ALD. 

 

 

 

Figure 5. 4: camera images of 3D-printed TiVAl-ingots which in some cases were used instead 

of the more complex structures due to reasons of reproducibility (XRF) or sample handling 

(ToF-SIMS, XPS); very similarly to the 3D-structures shown in the corresponding publication 

the change in color is uniform and highly correlates with the thickness of the deposited 

anatase film 

 

Figure 5.5 shows that SEM confirmed a uniform coating on the nanometer scale, as SEM 

images do not exhibit any differences between the substrate and the material coated with 

approximately 40 nm of Titania. We note that the spherical particles in Figure 5.5 are a direct 

well‐known result of the 3D printing process. In Figure 5.6, SEM‐EDX demonstrates a small 

deviation between the elemental composition on a coated area when correlating to an 

uncoated surface area, with relatively higher content of Al and lower content of O in the bulk 

material. However, the observed deviation is not enough to provide a complete explanation 

of the underlying process. 
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Figure 5. 5: SEM images of the – a: uncoated TiVAl-structure and – b: a structure coated with 

approximately 40 nm of ALD-anatase at 300 ° C, using secondary electrons for imaging does 

not show any differences in morphology between the two materials. The magnifications are 

5k and 20 k, respectively. 

 

 

Figure 5. 6: The uniformity of the coating within the pores of the 3D-printed structures was 

characterized using simple optical measures. Additionally, SEM-EDX-point-spectra were 
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performed on surfaces that were exposed by cutting a sample coated with approximately 40 

nm of anatase at 300 °C. EDX on these inner surfaces confirmed an amount of oxygen relatively 

higher than within the bulk substrate and very similar to the oxygen content of surfaces lying 

on the outside of the structure. 

 

Ellipsometry was used on silicon wafers coated within the same process as the printed alloys 

to determine the thicknesses of the deposited Titania films (Fig. 5.7a). Due to the high 

roughness of the metal samples, thickness measurements using ellipsometry and XRR were 

not possible. Therefore, we utilized XRF to determine the material growth by analyzing the 

linear increase of the ratios O/Al and O/V (since titanium was present in both materials). 

These values were combined with the thickness values obtained by ellipsometry and XRF on 

the corresponding Si‐wafers to estimate the layer thickness on the alloys (Fig. 5.7 b). Despite 

the generally lower relative response to light elements in XRF, this method still exhibits a 

linear fit above 96 percent. 

 

Figure 5. 7 – a: The layer thickness of the anatase films was determined using ellipsometry on 

Si-wafers coated within the same deposition run as the TiVAl-samples. The growth per cycle 

(GPC) value was determined to be approximately 0.4 Å/cycle, with linearity above 99.7 %. – b: 

The growth rate of the anatase films was determined using high-vacuum-wavelength-

dispersive XRF (HV-WLD-XRF) on bare TiVAl, 3D-printed TiVAl ingots coated in the same 

deposition run as the porous TiVAl structures shown above, and Si-wafers used for 

ellipsometry. The fits' linear increase indicates that the applied process on the metal 

substrates is in the saturation regime for ALD. After method calibration, this process offers a 
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simple way to estimate the resulting film thickness on samples with high surface roughness 

that would hinder ellipsometry measurements. 

 

To determine the structures of the Titania layer, powder XRD measurements were first 

applied, as shown in Figure 5.8 b‐c and 5.9. The measurements indicate the presence of 

anatase (Figure 5.8 a and 5.9) and confirm that the structure of the TiVAl substrate material 

remained unchanged during the ALD‐process (Fig. 5.8 b‐c). This is of great importance for the 

mechanical properties of the resulting implant. Furthermore, Raman measurements of the 

samples confirmed the crystalline nature of the TiO2‐film (Fig. 5.8 a). The spectrum shows 

characteristic bands at 150 (Eg), 200 (Eg), 395 (B1g), 515 (A1g) and 633 (Eg) cm‐1, which 

correspond to the characteristic modes of anatase.254 

 

Figure 5. 8 – a: The Raman spectra of TiVAl-structures that were 3D-printed and coated with 

500 (red line) and 1000 (black line) pulse cycles of ALD-anatase at 300 °C were analyzed. The 

thicker film exhibited all the characteristic bands that are expected for crystalline anatase. b-

c – The PXRD diffraction pattern was obtained for an uncoated TiVAl-reference sample (b, 

upper) and the corresponding ALD-coated sample (c, lower). The patterns indicate that no 

phase transition occurred within the bulk material during the coating process. In the case of 

the coated sample, a weak anatase signal was also observed (Figure 5.9). 
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Figure 5. 9: The PXRD measurement was conducted on a 3D-printed TiVAl-structure that was 

coated with 1000 pulse cycles of ALD-anatase at 300 °C. The highlighted and magnified image 

on the left displays the (101)-reflex of the ultra-thin anatase layer. 

 

XPS and ToF‐SIMS measurements were performed to confirm the absence of Al and V within 

the top surface layers of the implant materials. This is crucial as a thin, enclosed, and uniform 

coating of the complex three‐dimensional substrate is the critical point behind the concept of 

applying a diffusion barrier to prevent penetration. The ToF‐SIMS data in Figure 5.10 a‐d 

indicates that the top surface layers are free from contamination with the mentioned 

elements, while the titanium concentration remains stable throughout the measurement 

period. All untreated and air‐annealed samples contain Al and V in the entire measurement 

region. Likewise, as shown in Figure 5.11 a‐b, the XPS spectra do not show any signals of Al 

and V for the ALD coated samples, in contrast to the untreated and air‐annealed samples. In 

both cases, measurements were taken at multiple positions on the material surface, yielding 

consistent results. The absence of Al and V, as determined by these techniques, indicates the 

high uniformity and integrity of the synthesized diffusion barrier. This suggests that there are 

no cracks in the film that could cause signal leakage from the bulk material. Merely observing 

the titanium edges would not provide a comprehensive understanding of the surface 

treatment quality, as shown in Figure 5.12. 
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Figure 5. 10: ToF-SIMS data of depth profile measurements performed on 3D-printed TiVAl-

structures. In all graphs, the concentration of the different ions are presented in the following 

colors: Ti is black, V is red and Al is blue. – a: TiVAl-reference as synthesized by LPBF, all elemnts 

(Ti, V, Al) are present in close to constant amount throughout the whole depth profile – b: a 

TiVAl-sample coated with approximately 40 nm of TiO2 by use of ALD (300 ° C, 1000 pulse 

cycles), neither Al nor V could be detected in the surface of the material in decisive amounts, 

note that the signal for V is lower by a factor of 10 4 compared to Ti which might be a 

contamination of the ALD-process, since V is a common constituent of Ti-rich ores – c: TiVAl-

sample annealed in air at 300 ° C in a tube furnace, ToF-SIMS data shows high concentrations 

of all bulk elements on the very surface of the sample – d: TiVAl-sample annealed in air at 700 

° C in a tube furnace, ToF-SIMS data shows high concentrations of all bulk elements on the 

very surface of the sample 
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Figure 5. 11: XPS data performed on 3D-printed TiVAl-structures – a: detail spectra of the Al 

1s transition in an energy range from 105-130 eV; while the coated sample does not show any 

relevant features in the observed region one can clearly see a peak correlating to aluminum 

in the spectrum of the sample annealed in air at 300 ° C. – b: detail spectra of the V 2p 

transition in an energy range from 510-528 eV; while the coated sample does not show any 

relevant features in the observed region one can clearly see two peaks correlating to vanadium 

in the spectrum of the sample annealed in air at 300 ° C. 

 

Figure 5. 12: The XPS-detail spectra show the Ti 2p transition for four samples: an uncoated 

3D-printed TiVAl-reference alloy, a TiVAl-alloy coated with 1000 pulse cycles of ALD-TiO2 at 

300 °C, an uncoated sample annealed at 300 °C in air, and an uncoated sample annealed at 



 
90 

 
 

700 °C in air. The reference sample is the only one that exhibits a clear peak of a Ti 0-phase, 

while all the other samples only contain Ti 4+ on their surfaces. 

Clear differences are already indicated by the survey spectra of the different samples, as the 

Auger peaks of V and Al are much stronger in all samples except the ALD-coated ones (see 

Figure 5.13). 

 

Figure 5. 13: The survey spectra show three samples from left to right: an uncoated 3D-printed 

TiVAl-reference alloy, a TiVAl-alloy coated with 1000 pulse cycles of ALD-TiO2 at 300 °C, and 

an uncoated sample annealed at 300 °C in air. 

 

5.5 Conclusion: 

The use of characterization techniques developed for state‐of‐the‐art surface science 

demonstrated that ALD can coat complex 3D‐printed TiVAl structures with a uniform film of 

anatase at relatively low temperatures of 300 °C. This process allows for the deposition of a 

dense and uniform layer of material onto the surface of such alloys. This layer acts as a 

diffusion barrier for potentially harmful contaminants without degrading the implant piece's 

mechanical performance. We emphasize that these ALD coatings from 300 °C greatly surpass 

coatings from direct oxidation via air annealing for both 300 °C and up to 700 °C. In particular 

the direct oxidation process is demonstrated to inevitably lead to Al and V in the oxide 

coatings, while the ALD TiO2 coatings do not have this critical disadvantage. The process has 

the potential to improve the performance and durability of medical implants. However, 
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before fully implementing this technique in biotechnology, it is necessary to conduct 

additional research, particularly regarding the biocompatibility of these materials and their 

diffusive properties in simulated situations such as artificial body fluids. 
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6 Summary and Outlook 
This summary starts with a description of the challenges overcome in this thesis: 

After the successful commissioning and activation of the Picosun R200 ALD system at the TU 

Wien, first material calibrations were performed using trimethylaluminum (TMA) and water 

as precursors for the synthesis of Al2O3 and TiCl4 and water for the formation of ultrathin 

Titania films. Some of the characterization methods highlighted in the main part of this work 

were evaluated for their potential use in understanding these thin film materials. The growth 

observed was in close correlation with the current literature on ALD oxides, which allowed 

the main focus of the research to be set on more complex materials and depositions on more 

complicated geometries. 

Experiments in the following years encountered many difficulties, most of which were solved. 

The first challenge was to determine the thickness of the resulting MOF‐like layers using 

ellipsometry. As neither the physical density nor the refractive index of the new materials was 

known, thickness measurements using a laser ellipsometer could not be performed due to 

the lack of known parameters. The layers were too thin to measure their thickness using a 

Dektak Stylus XT profilometer, and the mechanical properties of the substrate and the thin 

films were too different to freeze‐break (liquid nitrogen) them in a way that would allow the 

thickness to be measured on the resulting cross section using SEM. All these problems could 

be overcome by using XRR to determine the thickness of the thin films, as it also gave us 

access to the densities of the materials. The counter movement, the method setup, the 

measurements themselves and the data evaluation proved to be very time consuming. To 

improve the speed of the thickness determination, we used the data obtained in XRR to 

calibrate a UHV wavelength dispersive XRF setup with elemental ratios (e.g. Ti/Si; to adjust 

for different sample sizes) in order to obtain a result within a few minutes instead of days. In 

principle, this method is very simple and can be used to determine the thickness of materials 

containing all elements up to B. 

One challenge that was part of our discussions from the very beginning was the expected low 

crystallinity of MOFs produced by an ALD process, which had been previously reported by 
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Lausund et al. It seemed that under the process conditions of ALD, the building blocks of the 

MOF films did not have enough energy to self‐assemble as they do under the usual 

solvothermal synthesis conditions. Instead, various types of bonding between the central 

metal nodes and the linkers, as well as high levels of unreacted excess linker molecules, limit 

the structural order within the material. However, in‐situ modulation of the process using 

smaller monofunctional ligands (e.g. AcOH) can dramatically increase crystallinity. Post‐

deposition treatments using autoclaves may be another way to increase structural uniformity. 

In our research we have tested both options and have seen changes in crystallinity depending 

on the type of material. While modulation with acetic acid dramatically improved the Raman 

signals, no improvement in XRD crystallinity was observed. XRD reflections only appeared 

after treatment of the MOF films with benzoic acid in a Teflon‐lined steel autoclave. During 

this treatment, the unity and uniformity of the films completely disappeared. We however 

note that for our ALD MOF films we measure specific surface areas (Chapter 3) close to the 

solvothermal benchmarks, which clearly delineates our films as MOFs, which distinguishing 

features are often seen as crystallinity and porosity. 

In order to gain a detailed understanding of the new materials, a wide range of different 

characterization methods have been applied, each of which has contributed a piece of the 

jigsaw to our picture of ALD‐MOFs. The data presented in this thesis include some very 

dedicated and sophisticated results that demonstrate the high quality, unity and uniformity 

of these materials on an unprecedented scale, and provide clear indications that ALD can be 

used to synthesize state‐of‐the‐art heterogeneous catalysts on almost any substrate, and 

even to design highly complex multilayer systems that can be used in the semiconductor 

industry or in aerospace engineering. 
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